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Abstract
Since the early development of polymer film electrodes, a great deal of
research activity has been carried out into their application as sensors. D u e
to their ability to undergo molecular interactions with particular species of
interest, conducting polymers such as polypyrrole, polyaniline and
polythiophene constitute a n e w class of organic polymers with great promise
as sensor materials. The properties of conductivity and electroactivity of
conducting polymers then enable the electrical signal generated by these
interactions to be readily detected.
With the unique feature in that they can be electrochemically switched
between the oxidised and the reduced states accompanied with the
movement of anion or cation, conducting polymers have been successfully
exploited to produce electrochemical signals for the detection of
electroinactive anions or cations. Conducting polymers m a y also be used as
a matrix for the immobilisation of specific molecules like complexation
agents, enzymes and antibodies. The capability of analyte recognition by
the immobilised molecules can then be used to generate analytically useful
signals for the corresponding substances such as metals, enzymatic
substrates and antigens.
In this work, conducting polymers incorporating different functional groups
were used for the detection of proteins, for the prevention of electrode
fouling generated by phenol oxidation and for the development of a novel
type of electromembrane biosensor for the detection of glucose.
The detection of proteins using conducting polymer sensors incorporating
simple molecules rather than biomolecules w a s investigated in Parti. This
section investigates the relatively simple chemistries occurring between

XIV

analyte proteins and the immobilised molecules, i.e., "surfactant binding",
"dye binding" and the electrocatalysis of electron transfer mediators.
To achieve responses for proteins, a range of counterions containing
different functional groups, including surfactants, sulphonated dyes and
Fe(CN) 6 3 ", were incorporated into polypyrrole matrices.

A s well, a

composite film consisting PPy/Cl and the inorganic compound prussian blue
was studied. The analytical utility was demonstrated using an FLA system.
In general, the protein responses were influenced by the polymer
composition, the nature of the supporting electrolyte, solution p H and the
applied potential or pulsed potential waveform. These factors can be used
to modify selectivity and sensitivity.
Finally, the most promising polymers, optimised at macroelectrodes, were
individually coated onto each working electrode of a microarray system.
Varied selectivity at each electrode was achieved by modifying polymer
composition and applied potentials. Combining protein responses with
chemometric techniques, protein identification and quantification have been
performed.

With four-sensor pattern (PPy/MO, PPy/BG, PPy/PTS and

PPy/Cl/PB) classification of a range of proteins (HSA, B S A , C Y T . C , O V A ,
a - L A C and M Y O ) was achieved. The individual protein in a mixture of
two components ( H S A and C Y T . C ) was quantitatively analysed with
acceptable errors. In this way, a n e w concept of synthetic electronic
antibody system has been demonstrated for the determination of proteins.
Compared with a real antibody containing system, due to the incorporation
of the non-biological species, this purely synthetic system possesses
advantages in reproducibility, reusability and life time.
Electrode fouling or passivation is a general problem associated with the
oxidation of phenol at a solid electrode. In the second part of this work, the

XV

feasibility of using a conducting polymer to prevent electrode fouling was
addressed by employing polyaniline and polypyrrole systems.

The

optimisation of the polymer composition w a s carried out from simple
counterions to those with some specific functional groups. The effect of
polymer structure and composition was confirmed by UV-vis and FTIR
spectroscopy. It was found that the polymer surface containing hydrophilic
groups showed an excellent ability to prevent fouling using either
polyaniline or polypyrrole. Using an FLA system, with a pulsed potential
waveform applied, the substantially stable and reproducible oxidation
response of phenol was obtained at a P P y / o A S A polymer coated electrode.
In Part 3, a novel type of electromembrane sensor has been developed. In
some cases, in the development of n e w sensors, a dichotomy often arises in
that the electrochemical conditions for optimal analyte recognition differ
from those required for signal generation. In this work, use of an insulating
microfiltration membrane coated with platinum on both sides allows
independent optimisation of the analyte reaction and signal generation
components required for electrochemical sensing. This was successfully
demonstrated

with

a

well-defined

electrochemical

system

(ferri/ferrocyanide) as well as a well-established enzymatic system (glucose
oxidase).
For the ferri/ferrocyanide system, two independent potentials E r and E d were
applied in the reaction zone and detection zone respectively.

With Er

applied in reaction zone, analyte Fe (CN) 6 3 ~ was reduced to Fe (CN) 6 4 ",
which then passed through the membrane to the detection side. In the
detection zone, the positive potential E d was used for the re-oxidation of
Fe(CN) 6 4 " to produce an analytical signal. The independent optimisation of
these two potentials ensures optimal performance of the sensor.
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For the glucose oxidase ( G O D ) system, polypyrrole incorporating G O D was
coated on the membrane reaction side. D u e to separation by the substrate
membrane, the molecular recognition (enzymatic reaction) in the reaction
zone and the signal generation ( H 2 0 2 oxidation) in the detection zone can be
optimised independently to achieve a sensitive and selective response. This
PPy/GOD

coated

membrane

reproducibility and life time.

system

showed

excellent

sensitivity,

Polymer degradation encountered with

conventional P P y / G O D sensors, due to the oxidation of generated H 2 0 2 and
polymer overoxidation at the potential necessary for signal generation, can
be prevented. A further advantage of this system is that interferents are
excluded from the detection zone by a combination of the substrate
membrane and the polymer, thus ensuring high selectivity of the sensor.
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Genera] Introduction
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1.1 CHEMICAL SENSORS AND BIOSENSORS
In terms of instrumentation, an electrical sensor is defined as a measuring

device that exhibits a characteristic of an electrical nature (charge, voltag
or current) when it is subjected to a phenomenon that is not electric.
Chemical sensors, as an important group of sensors, play a substantial role
to satisfy the requirements for health control, energy conservation and
limiting pollution.

1.1.1 Chemical sensors
A chemical sensor is a transducer which provides direct information about
the chemical composition of its environment. It consists of a physical
transducer and a chemically selective layer (1). Chemical sensors are
defined by IUPAC as 'devices that transform chemical information into

analytically useful signals' (2). Basically, a typical chemical sensor consis

of two critical units: the receptor unit and the transducer. The receptor uni
possesses a recognition process which transforms the information from
chemical interactions into an appropriate form of energy that subsequently
can be measured with the transducer. Alternatively, the transducer unit
transforms the energy carrying the chemical information of the sample
analyte into a useful analytical response. Due to the differences between

Chapter!

3

recognition processes as well as signal transduction, chemical sensors can
be greatly different from one to another.
According to the types of operation mechanism of transduction, chemical
sensors may be divided into four modes: thermal, mass, electrochemical and
optical.
Thermal sensors: Heat is a general property of any chemical reaction. As
such is should be an ideal physical parameter to use for sensing.

Unfortunately its flow is difficult to control. The partial solution for the h
management in any integrated chemical sensor has been suggested (3).
Enzymatic reactions act as chemically selective heat generators. The
thermistor appears to be the most popular temperature-sensing probe
because of its cost, availability, stability and sensitivity. For this reason
almost all thermal sensors rely on enzymes for their selectivity. The first
integrated thermal sensor for glucose using the temperature dependence of
the output of the Darlington amplifier has been constructed (4)

Mass sensors: The measurement of the change of mass as the means of
chemical sensing is almost as universal as is the measurement of reaction
heat. In principle it is applicable to any reactions in which there is a net
change of mass. There are two types of mass chemical sensors. The first

type are those based on piezoelectric bulk oscillators in which quartz crystal
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microbalance (QCM) is the most common material used for the bulk

oscillators, but other materials, such as polyvinyl fluoridone) (PVF) (5) an
ZnO (6) can also be used. The second type are those based on surface
acoustic wave (SAW) devices.

Electrochemical sensors: This kind of sensors constitutes the largest group
of chemical sensors. In electrochemical sensors the response is derived
from the interaction between chemistry and electricity. Based on the modes
of measurement of electric parameters, three main types of sensors can be
categorised, i.e. potentiometric sensors on the measurement of cell voltage
derived from the work of Nernst (7), amperometric sensors on the
measurement of cell current derived from the work of Heyrovsky (8), and
conductometric sensors on the measurement of cell admittance derived from
the work of Cavendish (9).

Optical sensors: This relies on the intrinsic optical property of the analyt
More and more enthusiasm has been attracted in the recent years for optical
sensors (1) due to the fact that most of the optical hardware developed
primarily for communication purposes can be readily adopted for chemical

sensing as well as their high suitability for remote (kilometers) sensing an
the safety of their operation.
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As an ideal sensor, it should satisfy the requirements of high sensitivity, low
detection limit, selectivity for the interested analyte, broad dynamic range,
minimal calibration, rapid response, reproducibility, reversibility, small size
and low cost (10). Sensitivity is the slope of the response curve per unit

concentration. Selectivity is the ability of the sensing device to discriminate
against one particular parameter of interest in the presence of others. The
dynamic range is the range of values of the quantity being measured in
which the sensitivity is greater than zero. Detection limit is the analyte
concentration that gives a signal three times the standard deviation of the
background signal. Reversibility is the need to continuously monitor
without recalibration. Rapid response is the ability of the sensor to display
analytical response in real time. Reproducibility is an alternative expression
for the dispersion of the signal that characterises the measurement and is
usually expressed as variance, standard deviation or coefficient of variation
(11,12).
However, in practice, a sensor that possesses all of these characteristics is
hard to develop. Therefore, for the development of a sensor, only some of
these qualities are satisfied dominantly depending on the requirement of the
particular application.

Chapter 1

1.1.2 Biosensors
A biosensor can be defined as any probe or transducer that incorporates a
biological component as the key functional element in the over-all
transduction sequence (13). It acts as a combination of a bioreceptor, the
biological component, and a transducer, the detection method (14). The

total effect of a biosensor is to transform a biological event into an electr
signal. Figure 1-1 represents the principle of the operation of a biosensor
which, starting from the analyte, can provide all the information needed for
evaluation.
BIOSENSOR

- Enzymes
^ \ - Electrodes
- Microorganisms 7J • Transistors
- Immunoagents // - Thermistors
- Chemoreceptors N \ - Optical fibers
- Piezoelectric
• Tissue, organelles>y
crystals

Microelectronics

Q.

E
TO

<
Figure 1-1:

in

Transducer

Bioreceptor

X

-X-

* Signal

?<

Data
processing,

5k

>

Schematic diagram of the principle of the operation of a biosensor.

A bioreceptor, the first component of a biosensor, has a particularly
selective site that ensures molecular recognition. Due to the unique
specificity of the interaction between the immobilised biocomponent and
substrate, biosensors are characterised by excellent selectivity (15). This
biocomponent

m a y be

an enzyme,

microorganism,

immunoagent,
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chemoreceptor or tissue (organelle). The second component, the

transducer, is responsible for exploiting the biochemical modification of th
substrate by the bioreceptor by transforming it into an electrical signal.
There are two main types of transduction methods (13). One is chemical
transduction methods including amperometry, potentiometry, conductimetry
and optical detection; the other is physical transduction methods including
microgravimetric detection and calorimetry.
In 1962, Clark and Lyons reported the first biosensor using enzymecontaining membranes to transform urea or glucose into a product that was
detectable with a pH or oxygen electrode (16). Since then, interest in
biosensors has grown substantially (17-19). Among them, enzyme sensors
and immunosensors are the two largest groups of biosensors. In enzyme
sensors, the unique catalytic property of immobilised enzyme is employed to

convert the analyte of interest into one or more detectable species (e.g. O2
pH, CO2 or NH3) which can be measured by the transducer (20).
Immunosensors depend on the unique recognition and binding properties of
antigens to antibodies. Immunosensors may be operated using direct or
indirect detection methods. Direct detection methods measure the changes
in electrical or optical properties due to the antibody-antigen binding
interaction while indirect methods focus on the competition of the analyte
with labeled analyte for antibody sites. Application areas where biosensors
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are set to make a significant impact reach well beyond the established needs
of medicine and veterinary science, where efficient access to biochemical
information has always been at a premium. These additional areas include
environmental monitoring and control, food processing, bioprocessing,
agriculture, pharmaceuticals, and even defence and the petrochemical
industry (21).

1.2 CONDUCTING POLYMER BASED SENSORS
Conducting polymers are good candidates for use in chemical or
electrochemical sensors (22). They are categorised as an important group of
chemically modified electrodes (CMEs). Since the early appearance of

polymer film electrodes (23), a great deal of research activity on conductin
polymers for the preparation of CMEs in analytical chemistry has been
done. Compared with conventional monolayer CMEs (24), the polymer

film electrode offers a higher inherent chemical and physical stability, hig
surface concentration of active sites (about 10"10 -10"6 mol cm"2
corresponding to 1-105 monolayers), and a very sensitive electrochemical
response. These advantages are associated with the structure, composition
and property of polymers. Ease of preparation, stable adhesion, long
electrode lifetime, as well as suitable spatial, electrostatic and chemical
microenvironments constructed on the electrode surface are qualities
desirable to analysts.
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1.2.1 The development of conducting polymers

Conducting polymers are a class of new materials that have electronic

conductivity. The discovery of polymers with high conductivity has led to a
new and exciting area of material science (25,26). Polyacetylene was the
first polymer that could be made electronically conductive (27). The first
experiments were made in the mid-1970s, and since then a number of other
conducting polymers have been synthesised. The most important polymers
are polyacetylene (27-29), polypyrrole (30), polythiophene (31), polyaniline
(32), polyphenylene (33) and poly(phenylene vinylidene) (34). These

polymers are characterised by electronic conductivities of up to 104 s cm"1.

Conducting polymers can be prepared either by chemical or electrochemical
polymerisation from a monomer solution containing an electrolyte salt. The

electrochemical method is especially attractive (35), since the oxidation o
monomer solution in appropriate conditions gives a doped film deposited at

the surface of the electrode and enables good control of growth rate and fi
thickness to be achieved. In addition, the electrochemical method allows
the oxidation potential of polymerisation to be controlled and thus the
quality of polymer can be optimised. Electrochemically synthesised
polymer films also have adequate mechanical properties compared to
chemical methods.
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For electrochemical polymerisation, a three-electrode voltammetric cell is
normally used. The working electrode on which the polymer film is formed
is of importance. Since polymer films are obtained at positive potentials,
the electrode material should not oxidise concurrently (36). Usually, the
working electrode is made of platinum (37,38), gold (39), glassy carbon
(40,41), or ITO (indium-tin oxide) coated glass (42). The auxiliary
electrode can be made of platinum gauze or reticulated vitreous carbon
(43,44). The reference electrode can be Ag/AgCI or SCE used in aqueous
solution, while in organic solvents the Ag/Ag+ reference electrode is usually
employed (43, 45, 46).

The electrochemical preparation of conducting polymers dates back to the
early work of Dall'Olio and co-workers (47), who obtained the powdery,
insoluble precipitate "pyrrole black" on a platinum electrode by
electrochemical oxidation of pyrrole in aqueous sulphuric acid. Then, Diaz

et al. reported the electrodeposition of a free standing, coherent and highly
conducting polypyrrole film from an organic medium (48). Since then, other
conducting polymers such as polythiophene, polyfuran, polyindole and
polyazulene were prepared using electrochemical methods (49). Among
them, polypyrrole has been intensively studied (50-52) due to the fact that

the polypyrrole system is quite attractive as an electrode material because o

its chemical and thermal stability and the ease of preparation of derivatives
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having a range of conductivities. The mechanism of electropolymerisation
of pyrrole occurs via the radical cation of the monomer. The cation radicals
generated from the oxidation of monomer combine to form the polymer
backbone (53-55). This polymer backbone is positively charged and charge
compensation is achieved by the incorporation of a dopant anion.
Generally, one dopant anion is incorporated for two to three monomer units
(36).

There are three different electrochemical polymerisation modes. The
galvanostatic method injects a certain amount of current into the cell, and
polymer is formed as a film on the working electrode. In potentiostatic
methods the electrode is kept at a potential at which the polymerisation
reaction takes place. While the third approach is cyclic or pulsed
voltammetry, where electrode potential is scanned / pulsed over the range at
which polymerisation takes place. New polymer material is formed during
each scan / pulse. At the reverse scan / pulse the new material formed will

be reduced, and on the next scan / pulse the earlier layers will be reoxidise
simultaneously with formation of new polymer layers. Cyclic voltammetry
can also be used for the initial investigation to obtain the optimum monomer
oxidation potential for potentiostatic synthesis.

Polymer properties like morphology, electroactivity and conductivity are
very much dependent on the polymerisation conditions used including the
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monomer concentration, solvent, electrolyte, temperature, and the potential /
current applied (36, 43, 56-61).

1.2.2 The use of conducting polymers as sensors
The use of conducting polymers for the development of new sensing
technologies has attracted much attention. This is mainly due to the fact
(62) that most conducting polymers can be prepared electrochemically,
which guarantees fine control over the deposition conditions. The control
over the complex area, simultaneous deposition and post-deposition
conditioning of several layers, and electropolymerisation of unusual
materials, are important facets that complement the trend towards
miniaturisation and multi-sensing.
Conducting polymers can be employed for the development of sensors in
two ways (35). As sensitive components, the electronic conductivity related
to the redox state (doping level) of a conducting polymer is modulated by
the interaction with various substrates. Changes in parameter values, such
as resistance, current or electrochemical potential, give a straightforward
sensor response of the studied phenomena. In the other way, conducting
polymer may be used as a matrix for specific immobilisation. The
immobilization of specific molecules that are capable of substrate
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recognition can be carried out mainly during the electropolymerisation
process.

Among the three most important conducting polymers polypyrrole,
polyaniline and polythiophene, polypyrrole is employed most extensively for
the development of electrochemical detectors or sensors due to the fact that
polypyrroles can be obtained from aqueous solution and can be prepared at
lower anodic potentials. These properties allow the incorporation of a range
of counterions into the polymer matrix which is an important advantage for
the achievement of molecular recognition systems (63, 64). For example,
for the enzyme incorporated polymers, it is desirable to perform
polymerisation in neutral media to avoid the denaturation of enzymes (65).
In the contrast, in the case of the polyaniline system, it could only be
prepared in acidic solutions, although some active molecules have been
incorporated into the polymer (66-68). Because the polymerisation of
thiophene normally needs high potentials (1.65-1.7V vs SCE) (69) and
organic solvent (e.g. acetonitrile) (70), the active species that can be
incorporated is very limited (66).
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1.2.2A Inorganic ion (anion/cation) sensors
Conducting polymers have a unique feature in that they can be
electrochemically switched from the oxidised to the reduced state according
to:

H " H " (1-1)

Due to this property of doping-undoping mechanism, conducting polymers
have been exploited to produce electrochemical signals for the detection of
electroinactive anions. Although the analyte anions are electrochemically
inactive, they can influence the electrochemical behaviour of redox pairs
attached to the polymer surface under the appropriate conditions (71). For
oxidation of the polymer to occur to an appreciable extent, the associated
build-up of positive charge in the film must be counterbalanced by the
migration of anions across the electrode-solution interface. This doping

process results in a current flow which can be used for the electroanalysis o
electroinactive anions.
Ikariyama and Heineman (72) developed an electrochemical detector based
on the repetitive doping-undoping of polypyrrole for the electrochemical
determination of electroinactive anions by flow-injection analysis (FLA).
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The method is based on the fact that the carrier does not contain any ions
capable of doping polypyrrole. The polypyrrole coated working electrode
was held at a potential that permits the doping reaction to take place. As an
anion capable of doping polypyrrole is injected into the carrier stream and
passes the detector, a current response is observed. The doping and
undoping reactions were facilitated by stepping the potential between 0.9V
and -0.3V, respectively. This method was used to detect electrochemically
inactive anions such as carbonate, phosphate and acetate. Linear responses
were obtained over the range of 10"5 to 10"3M. Then, Dcariyama et al. (73)
reported on polypyrrole based amperometric sensors for the determination
of the halide ions fluoride, chloride, bromide and iodide. In this work, they
also studied the effect of the composition of the carrier by comparing N-2hydroxyethylpiperazine-N'-2-ethanesulfonic acid, poyacrylate and glycine.
The response for chloride was linear in the range of luM to lmM. A
polyaniline modified electrode has also been investigated for FIA detection
of electroinactive anions by Ye and Baldwin (74). The authors claimed that
polyaniline is chemically more stable than polypyrrole and that the doping undoping process is also more rapid and reversible than with the polypyrrole
coated electrode. In the aspect of selectivity of this kind of conducting
polymer based amperometric sensors, Wang and Liu (75) has demonstrated
that the selectivity of a polyaniline electrode could be tailored by changing
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the eluent used. Wallace and co-workers (76) have extensively investigated
the effect of a range of counterions incorporated during the synthesis of
polypyrrole on the ability to modify the selective responses. In their work,

they also studied the nature of the eluent and the effect of pulsed potential
waveforms to achieve selectivity.

The other type of conducting polymer based electrochemical sensors for the
determination of electroinactive anions are potentiometric sensors.
Polypyrrole was mainly employed for this work (77-80). "Ion filtering' or
memory effect, was observed in conducting polymer based sensors. This
means that a polypyrrole film prevented anions of larger size from
penetrating the matrix. The cut-off size of anions was determinated by the
size of anion that was used for the electropolymerisation of pyrrole.
Therefore, the permeability of electropolymerised films could be varied by
controlling their growth (81). Shirakawa et al. reported a relationship
between the anodic peak current of differential pulse voltammograms and
the diameter of the electrolyte anions (82). Dong et al. presented a
Nernstian response for 10"1 - 10"4 M CI" with a slope of 58-60mV (pCl)"1
(78). They found that the order of selectivity was HCOO", N03" > I" > I04"
> Br" > C104" > F" > CH3COO" > 5-sulphosaliclate > SO42", which was
associated with the ionic radius and the charge of the anion.
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Conducting polymers have also been demonstrated to be a promising
materials for electrochemical sensors to detect cations. The property of
conducting polymer can be dramatically varied by changing the counterion
during polymerisation. For example incorporation of larger immobile
counterions enables the oxidation/reduction process of the polymer to be
controlled by cation movement according to:

H " H (1-2)

Thus, an indirect method for the detection of cations could be developed.
Martinez et al. (83) reported a DS" (dodecyl sulphate) incorporated polymer
PPy/DS. Due to its cation exchange property, PPy/DS has been used for the
determination of the cations Li+, Na+, and K+. Similarly, polymers
incorporated with large molecules of sulphonated dyes have been exploited
to detect aluminum (84). In addition to the cation exchange, the authors
also suggested the ability of immobilised dyes to complex aluminum.

Moreover, the deliberate modification of conducting polymers by
incorporating the functional groups offering complexation interaction with
metals has been demonstrated for the achievement of sensitivity (85-87). In
their work, Wallace et al. derivatized a PPy coated electrode by the
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carbodithioate ligand. This poly (pyrrole-N-carbodithioate) coated
electrode can be used to uptake Cu2+ ions from solution, resulting in a
detection limit of 1 ppm (85). At this polymer electrode, the authors also
tested the feasibility to detect Hg2* by stripping voltammetry (86).
1.2.2.2 Organic sensors
In addition to the application for small inorganic ions, conducting polymers
have been found to be excellent materials for the development of sensors for
the detection of large organic molecules. The electrochemical determination
of organic molecules is generally characterised by high degrees of
irreversibility as well as strong adsorption and, hence, fouling by reactants
and/or products of reactions. The use of electrode modification with
conducting polymers offers a useful method to prevent electrode fouling.
Poly (3-methylthiophene), polyphenylene, polyaniline and polypyrrole
modified electrodes (88) were employed to eliminate electrode fouling
resulting from the electro-oxidation of some biologically important
neurotransmitters such as catechols, catecholamines and NADH. In this
work, the authors found that even interference from electroinactive large
proteins, such as hemoglobin, and other surfactants can be substantially
reduced. Also, the analytical application of these polymer electrodes as
amperometric detectors for flow injection analysis and high performance
liquid chromatography was given. In another paper (89), the authors
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studied the electrochemical behavior and detection of other
neurotransmitters, norepinephrine, L-DOPA, epinephrine and dopamine at
these polymer electrodes using reverse phase high performance liquid
chromatography and amperometric detection. Poly (3-methylthiophene)
showed promising antifouling resistance and improved performance as an
amperometric detector over other polymers and conventional electrodes.
Detection limit as low as 10"8 - 10"9 M was achieved at this polymer
electrode.

Conducting polymer modified electrodes have been demonstrated to be
useful for the electrochemical detection of phenols. Electrode fouling is a
traditionally serious problem for the electrochemical detection of phenols.
The electrochemical oxidation of phenolic compounds produces phenoxy
radicals which couple to form a passivating polymeric film on the electrode
surface (90, 91) and results in rapid decrease of oxidation response (92).
This problem becomes more serious as the concentration of phenols
increases. Wang and Li (93) reported on the poly (3-methylthiophene)
coated electrode for the detection of phenols. This polymer electrode

showed excellent resistance to fouling in the presence of high concentrations
of phenolic species. Under flow injection or liquid chromatography
conditions, for a series of 15 repetitive injections of samples containing 3
10^M phenol, an appreciable (37%) loss of electrode activity at bare
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electrode was observed. In contrast, a highly stable phenol detection peak
was obtained when the poly (3-methylthiophene) detector was used. Sandra
et al. (94) found that electrodes coated with gamma-irradiated immobilised
films of poly (N-vinylpyrrole) do not exhibit the decrease in response with
time observed at bare electrodes during the oxidation of phenolic
compounds. The authors ascribed this to the structure of the polymer
preventing large amounts of oxidation products from forming and the nature
of the products formed may differ at the coated electrodes. Paul et al. (95)
prepared the polymers based on the electropolymerisation of resole
prepolymer mixtures. The high oxygen content of these films mimics the
surface characteristics of activated glassy carbon electrodes and permits
their continuous use for detection in flowing streams. The authors argued
that these polymers are able to facilitate electron transfer and protect the
electrode from passivation when it is used for sensing phenolic and other
electrochemically active materials.

1.2.2.3 Biosensors

The development of conducting polymer and biomolecule incorporation
techniques have enabled the utilisation of conducting polymers in the area of
biosensors. The most commonly used recognition elements are enzymes
and antibodies.
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Enzyme incorporated conducting polymer sensors have been extensively
studied in recent years (96-103). Polymer modification technique has more
advantages than other methods due to the ease of deposition and the
conductivity of the polymer surface enabling easy charge transfer from the

outer surface to the electrode by both direct and mediated electron transfers
In addition, conducting polymers provide three dimensional structure at
operating potentials where polypyrrole is doped as well as an easy
functionalisation by the redox mediator either by covalent grafting or by
inclusion of specific dopants.

In their pioneering works, Foulds et al. (104) and Bartlett et al. (105, 106)
have reported the electrochemical entrapment of glucose oxidase GO(FAD)
into PPy and poly (N-methylpyrrole) to obtain amperometric biosensors.
The determination of the apparent Michaelis-Menten constant shows that
the immobilised enzyme activity is comparable to those of enzyme in

solution. The glucose sensor is the largest application in the area of enzyme
based conducting polymer biosensors. Some examples are given in Table
1.1.
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Conducting polymer based amperometric glucose sensors

Polymer

M o d e of immobilization

Linear range

Reference

PPy

G O D absorbed after polymerisation

2.5-30mM

107

PPy

incorporated during electropolymerisation

1.0 -100 m M

108

PPy

G O D immobilised via post-polymerisation functionalisation

0 - 5.0 x 10"3 m M

109

PPy

G O D absorbed on PPy tubules

0.1-250 m M

110

PPy

G O D functionalised on amino substituted pyrrole

0-5.0mM

111

PPy

G O D immobilised by physical ion exchange glucose

0 - 5.0 m M

112

PAn

G O D incorporated during polymerisation

0.1 -5.0mM

113

PAn

G O D incorporated during polymerisation

0.1-1.0 m M

114

PPy=Polypyrrole, PAn=Polyaniline, GOD=Glucose oxidase.

In the presence of oxygen the signal is obtained from the oxidation of the
generated hydrogen peroxide. However, PPy suffers from the loss of
conductivity due to its degradation by H202 (63). It has been shown (115)

that the enzymatic activity itself is not impaired and that the response of t

electrode to glucose is in fact obtained only after the electronic conductivi
of the polymer has been lost. This effect was interpreted as being due to the
consumption of the H202 by the PPy. Only after the complete oxidation of
the matrix has been achieved can the excess of the H202 be detected at the
electrode. Moreover, the PPy degradation can occur even in the absence of
oxygen because of electrochemical overoxidation which would take place at
the potentials used to detect the H202. In order to overcome the
degradation of the PPy matrix in the presence of H202 at the potential value
of 0.7 V (vs Ag/Ag+) and also in order to operate independently of oxygen
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tension fluctuations, the use of redox mediators to regenerate GO(FAD) has
been investigated. Among them, ferrocene derivatives (116, 117), guinone
derivatives (118-120) and organic conducting salts such as TTF-TCNQ
(121-123) have been mostly employed in various biosensors. Lowe et al.
(124) developed a PPy matrix modified by a covalently bound redox

mediator, i.e. ferrocene bound to the pyrrole nitrogen via different linkage
Although some improvement in the lifetime of the electrode was obtained
there was still a residual electron transfer to oxygen and the usual
complications arising from the ensuing generation of H202.
The other most extensively studied biosensors based on conducting
polymers are antibody incorporated sensors. A range of antibodies, such as
anti-human serum albumin (125), anti-thaumatin (126) and an antibody to a
conjugate of p-cresol and bovine serum albumin (127) have been
incorporated into PPy. In all these systems, bioactivity was retained, as
confirmed using EL1SA tests.

By polymerising pyrrole electrochemically in the presence of anti-human
serum albumin (AHSA), Smyth et al. prepared an amperometric antigenantibody sensor (128). In the presence of HSA, the cyclic voltammogram of
the PPy electrode changed and a new peak was observed. The authors
ascribed this new peak to the binding of the antigen to the immobilised
antibody.
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1.2.3 Conducting polymer/protein interactions and protein sensors
1.2.3.1 Conducting polymer/protein interactions

The study of the interaction of biological molecules, including proteins and
enzymes, with electronic materials has great potential in the field of
molecular electronics, with applications in the design of submicron sized
electronic components (129) and in the development of novel biosensors
(130).

For the development of novel devices in the field of bioelectronics (131,
132), conducting polymer could be a useful material. It has been realised
that polyconjugated materials could become the interface elements between
organic and inorganic systems (133). The development of new class of
devices that incorporated biological materials as active components has
brought about the need for finding an appropriate means of transduction of
signals from the biological component to the inorganic moiety, where the
collection and calibration of the signal are performed. It then becomes
important to design electrodes compatible with the biological component
and able to achieve rapid electron transfer at the electrode surface.
Polyconjugated conducting polymers are very attractive materials for such
applications (134) due to the reasons that the required electronic and
mechanical properties can be modulated by chemical modeling and
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synthesis; the polymer itself can be functionalized to bind protein molecules;
the electrochemical synthesis of polymer allows the direct deposition of the
polymer on the electrode surface, while simultaneously trapping the protein
molecule (135). Therefore, the understanding of the interaction at the
molecular level between biologically active protein and the polyconjugated
polymer moiety is of importance for the development of bioelectronic
devices and biosensors (136).

At polypyrrole surfaces, Abraham et al. (137) studied the protein-binding
properties for proteins including bovine serum albumin (BSA), carbonic
anhydrase, lysozyme, alkaline phosphate and ribonuclease. They found that
protein binding at a fixed pH and buffer concentration of the medium was
dependent on the isoelectric point of the proteins. Active protein was
desorbed from the polymer in potassium chloride solution after which the
polymer could be recycled.

Wong et al. (138) prepared optically transparent polypyrrole thin films and
studied them in environments suitable for protein adsorption and mammalian
cell culture. By comparing the results at polymer films and indium tin oxide
surfaces, the authors claimed that electrically conducting polymers may
represent a type of culture substrate which could provide a non-invasive
means to control the shape and function of adherent cells, independent of
any medium alteration.
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Because of the peculiar physics of polyconjugated molecules, the
spectroscopic properties (infrared and Raman) can reflect with great detail
the molecular properties of such materials. Agosti et al. (136) used
spectroscopic techniques to study the conducting polymer-protein
interactions in composite films. The effect of the inclusion of proteins in
films of host materials of the class of polythiophenes (in the doped state)
was investigated. The information derived from molecular characterisation
suggested the useful understanding of physical and chemical processes
which justify the use of polyconjugated materials in the development of a
new generation of devices.

Moreover, proteins can be directly incorporated into conducting polymer
systems. Hodgson et al. (139) studied the direct incorporation of proteins
(HSA and Anti-HSA) into polypyrrole matrix. They have demonstrated that
the use of an electrocatalyst, such as Tiron, and molecular carriers such as
surfactants or colloids, can facilitate such direct incorporation process. It
has been demonstrated that the incorporation of redox protein cytochrome c
into polypyrrole during synthesis can facilitate the electron transfer of
protein with the electrode surface (140).
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1.2.3.2 Conducting polymer based protein sensors

In the development of protein sensors, much interest has been paid to redox
proteins. Of these, the detection of cytochrome c has been investigated
most extensively due to the fact that it is readily available and easy to
purify. In addition, the documented crystallographic structure has been
documented and a great deal of physicochemical characterisation has been
carried out. It has been demonstrated that cytochrome c does not undergo
well-defined electron transfer processes at most electrodes (141, 142).
However, reversible or quasi-reversible electrochemistry has been observed
at selected electrodes such as tin-doped indium tin oxide (143) or 4,4'-

bipyridyl-coated gold electrode (144). It appears that the chemical nature of
these electrode substrates allows the protein to change conformation on/at
the electrode so as the redox centre is accessible. Cooper et al. (145)
described for the first time direct electronic communication between
cytochrome c and an electrode coated with an electrochemically grown poly
(MPC) (MPC = 3-methyl-4-pyrrole-carboxylic acid). Cytochrome c
displays well-defined oxidation/reduction at this polymer electrode. The
authors also prepared another polymer of the ethyl ester of MPC,
poly(MPC-Et). The poly(MPC-Et) coated electrodes showed no
voltammetric response when immersed in cytochrome c solution. They
ascribed this to the fact that this polymer does not possess the carboxylic
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acid groups required to orient the protein and enable electron transfer (144
Further confirmation was carried out either at an electrode coated with

unsubstitued poly(pyrrole), or at the uncoated electrode substrate. In these
cases, no voltammetric response was observed.
For the detection of electroinactive proteins, the use of antibody
incorporated conducting polymers has been demonstrated as an useful
approach for the development of amperometric sensors (125-128). Also,
potentiometric immunosensors have been studied. The potentiometric
immunosensors detect the potential changes arising from the formation of
immunocomplexes on the electrode surface. A novel type of potentiometric
membrane sensor for the measurement of antibodies and proteins has been
devised by incorporating antigen-ionophore conjugates in a poly(vinyl
chloride) (PVC) membrane (146-150). An alternative strategy for
constructing potentiometric immunosensors has recently been developed
based on the measurement of photoinduced potential changes of polymers
(151, 152).

1.3 AIMS AND APPROACHES
1.3.1 Aims of the project

The use of conducting polymer in the area of sensing technology has
attracted much attention. However, most of the work which has been
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carried out so far is for the detection of small ions or simple organic
molecules. Although the detection of proteins has been studied using
antibody incorporated conducting polymers (125-128), this kind of sensors
suffers from the inevitable disadvantages of poor reproducibility, reusability
and life time; mainly due to the difficulty of maintaining the activity of
incorporated biocomponents.
An alternative approach for the detection of proteins is to employ simple
chemistry. In this thesis, the use of conducting polymers employing some
simple chemistries for the detection of proteins was investigated. A range
of proteins with different properties in electroactivity, hydrophobicity and
hydrophilicity were involved. The physical parameters of proteins involved
are shown in Table 1-2.
Table 1-2: Physical parameters of proteins

Protein

Acronym

Molecular
weight

Pi

E0'

(isoelectric point)

(V,, vs N H E )

H u m a n serum albumin

HSA

66,000

4.7

-

Bovine serum albumin

BSA

66,000

5.3

-

Myoglobin

MYO

18,000

7.0

0.00

Cytochrome c

CYT.C

12,200

9.0

0.254

a-Lactalbumin

oc-LAC

14,000

5.1

-

Ovalbumin

OVA

44,000

4.6

-
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In addition, the use of conducting polymers for the elimination of electrode
fouling generated from phenol oxidation and a novel type of
electromembrane based sensing system have also been explored.
The general aims of the research project are:
(1). To synthesise functional conducting polymers for the detection of
proteins using the relatively simple chemistry rather than the
immunological systems.

(2). To optimise the conducting polymers for the prevention of electrode
fouling associated with the electrochemical oxidation of phenols.
(3). To develop a novel type of electromembrane sensing system and
then use it for the enzyme incorporated conducting polymer sensor
in the detection of glucose.

1.3.2 Structure of the thesis and the approach for each part
To achieve the research goals, the investigation was carried out in three
parts:

Parti:
This part deals with the conducting polymer sensors for the detection of
proteins. The preliminary work of the optimisation of polymer composition
was carried out at macroelectrodes. Due to "surfactant binding", protein
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responses can be obtained at surfactant incorporated conducting polymer
surfaces. The responses observed are dependent on the pulsed conditions,

the nature of the polymer, the nature of the electrolyte anion / cation as well
as on the electrolyte concentration and pH. This is presented in Chapter 3.
In Chapter 4, a range of sulphonated dyes were incorporated into the
conducting polymer matrix. The feasibility of using "dye binding
interaction" at polymer coated electrodes with flow injection analysis was
demonstrated. The effect of eluent pH and applied potential used for a
range of proteins was investigated. The selective responses were
determined by varying the sulphonated dyes during electropolymerisation
and adjusting eluent pH and applied potential. Protein/dye binding
interaction was studied in solution and at the surface of dye incorporated
polymer. This was used to interpret protein responses generated at dye
incorporated polymer electrodes. Chapter 5 and 6 focus on the
electrocatalysis of conducting polymers for the detection of redox protein
cytochrome c. In Chapter 5, Fe(CN)63", as electron transfer mediator, was
incorporated into polypyrrole. At this polymer electrode, the electron
transfer between cytochrome c and the electrode surface was facilitated to
generate voltammetric responses. The effect of solution pH, polymer
thickness and potential scan rate on the cytochrome c response was
optimised. The analytical utility of the polymer electrode was demonstrated
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using flow injection analysis. In Chapter 6, a composite film of organic
conducting polymer polypyrrole with inorganic polymer Prussian Blue was
prepared. With the introduction of an inner polypyrrole layer, the catalytic
activity of the outer layer of prussian blue to the oxidation/reduction of
cytochrome c was enhanced greatly. The effect of the thickness of both two
layers and the solution pH was investigated. The analytical utility was
demonstrated with flow injection analysis. In the last chapter of Part 1,
Chapter 7, the best polymers optimised at macroelectrodes were
individually coated onto each working electrode of a microarray system.
Using one eluent, the various selectivity order at each electrode was
achieved by varying the applied potentials. Applying the best potentials at
the corresponding polymer electrodes, protein FLA responses were obtained
at different concentrations. All the responses were treated with several
well-known chemometric techniques including PCA, SIMCA, KNN, OLS
and PLS. For the identification of proteins, PCA, the most common method
for the treatment of multivariate data, was firstly employed to provide a
primary evaluation of the discrimination (recognition) ability of the polymer
coated microarray system. Then, this discrimination ability was further
confirmed by using another two more quantitative methods SIMCA and
KNN. For the quantitation of proteins, two parametric modeling methods,
namely OLS and PLS, were applied. The former was applied for the
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prediction of the concentration of pure proteins, while the later was found t
be more suitable for the simultaneous prediction of the concentrations of
proteins in the mixture. Therefore, by combining protein responses
generated at the polymer coated microarray system with chemometric
techniques, the particular response pattern for each test protein was

obtained and can be used for the identification and quantitation of proteins.
In this way, a new concept - "synthetic electronic antibody system" was
demonstrated.

Part 2:

Electrode fouling or passivation is a general problem at solid electrode in
electroanalysis. With modification by conducting polymers, the desirable
electrode surface could be obtained to solve this problem. The work
involved in Chapter 8 addresses the feasibility of using conducting polymers
to prevent electrode fouling generated from the electrochemical oxidation of
phenols. The optimisation of polymer composition was carried out over a
range of counterions encompassing simple counterions to those with some
particular functional groups. Two polymer networks, polyaniline and
polypyrrole, were studied and compared. The voltammetric response of
phenol was obtained by running cyclic voltammetry in the phenol containing
solution. The practical utility of conducting polymer sensors for
electrochemical detection was carried out using flow injection analysis. To
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improve the reproducibility of the phenol response and the performance of
conducting polymer sensors, pulsed potential waveform was employed and
investigated. To study the importance of polymer composition and
hydrophobic/hydrophilic properties to phenol response, spectroscopic
techniques UV-vis and FTIR were involved.
Part 3:
In this part, a new type of membrane based sensor was developed. Since its
emergence in the mid-1970s, chemical modification of conventional
electrode materials has achieved great advance for analytical applications,
especially for electrochemical analysis. However, in some cases of the
design of new sensing surfaces, the conditions for the optimal analyte
recognition or preconcentration differ from those required for signal
generation. In Chapter 9, the concept of a novel electromembrane sensor
that allows independent electrochemical control of both sides of the
membrane was demonstrated. Using the well established redox system of
Fe(CN)637 Fe(CN)64", the effect of potential on the reaction side (Er) on the
reduction of analyte Fe(CN)63" to Fe(CN)64" and the effect of sensing
potential on the detection side (Ed) on the signal generation of the reoxidation of Fe(CN)64" to Fe(CN)63" was investigated independently with an
insulating microfilteration membrane. For the glucose oxidase (GOD)
system, polypyrrole incorporated with GOD was grown onto the membrane
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reaction side, while the detection side was left platinum coated only. The
sensitive response for glucose analyte was achieved by independently
optimising Er and Ed. Because the molecular recognition (enzyme-substrate
interaction) and the signal generation (H202 oxidation) were separated by
the support membrane, the disadvantages such as polymer overoxidation
due to the oxidation by generated H202 or the oxidation at the monitoring
potential used for signal generation (H202 oxidation) encountered with
conventional GOD incorporated polymer sensors can be overcome. Finally,
the selectivity of this novel sensor was determined by introducing the
interferents ascorbic acid and glutathione.

The general conclusions are presented in Chapter 10.
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2.1 ELECTROCHEMICAL TECHNIQUES USED FOR
POLYMER G R O W T H
There are three different electrochemical polymerisation modes for the
electrochemical synthesis of conducting polymers, namely: galvanostatic,
potentiostatic and potentiodynamic (153). These synthesis techniques are
discussed below.
2.1.1 Galvanostatic polymerisation

In galvanostatic mode, a constant current is applied between the working
and auxiliary electrodes. In order to maintain current flow, m o n o m e r is
oxidised at the anode to form a polymer coating. B y controlling current (or
current density), it is possible to control the rate of polymerisation. B y
controlling the total charge passed during polymerisation it is possible to
control the amount of polymer formed and hence polymer thickness.
The current density also affects the surface morphology, conductivity and
mechanical properties of the synthesised polymer.

Galvanostatic polymerisation is the most commonly used mode (153).
However, it can not be used if one component in the polymerisation solution
can be oxidised at a potential less anodic than that required to initiate
polymerisation of the interested monomer. In this case, potentiostatic m o d e
should be employed.

Chapter 2

38

2.1.2 Potentiostatic polymerisation

The method of potentiostatic polymerisation includes applying a constant
potential between a working electrode and reference electrode. This is
usually achieved by a potentiostat. The voltage difference between the
working electrode and auxiliary electrode is uncontrolled. Using
potentiostatic polymerisation mode, the potential at the working electrode
can be set at a desired value so that the reaction of interest takes place
whilst undesirable side reactions are minimised.
2.1.3 Potentiodynamic polymerisation
In this potentiodynamic or sweeping or pulsed potential polymerisation
mode, the potential at working electrode is scanned or pulsed over the range
at which polymerisation takes place.

There are some applications where unwanted side reactions occur at
potentials much lower than that required to initiate polymerisation. In this
case a suitable method of polymer synthesis may be to repeatedly sweep the
potential at the electrode past the polymerisation potential and back to a
potential at which no unwanted reactions occur. By doing this, if the rate of
polymerisation is faster than the rate of the unwanted side reaction,
polymerisation is achieved while the unwanted reactions are minimised.
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This method can also be used for the initial investigation to obtain the
optimum monomer oxidation potential for potentiostatic synthesis.

2.2 ELECTROCHEMICAL TECHNIQUES USED FOR
POLYMER CHARACTERISATION
Electrochemical techniques such as cyclic voltammetry,
chronopotentiometry and chronoamperometry have been found extensive
application in the characterisation of conducting polymers (70, 154, 155,
156).

2.2.1 Cyclic voltammetry
Cyclic voltammetry is one of the most common electrochemical techniques.

It is often the first technique used in electrochemical characterisation and
provides initial information about the heterogeneous redox reactions. In
cyclic voltammetry, the potential is scanned linearly from an initial value
to a final value Ef and then back to Ej.
Figure 2-1 shows the typical cyclic voltammogram obtained at a platinum
electrode for the reversible redox couple of Fe(CN)637Fe(CN)64" according
to:

Fe(CN)63- ~ Fe(CN)64" (2-1)
-^

-e
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Figure 2-1: Typical cyclic voltammogram of 1. OmM K^e(CN)6 in 1. OM NaN03 on bare plat
electrode. Scan rate = lOOmV/s.

The main parameters of a cyclic voltammogram are: anodic peak current
(ipa), cathodic peak current (ipc), anodic peak potential (Epa) and cathodic
peak potential (Epc). A redox couple in which both species are stable and
rapidly exchange electrons with the working electrode is termed an
electrochemically reversible couple. The formal reduction potential (E°) for
a reversible couple is centered between Epa and Epc:

0

Epa + Epc

.(2-2)

E =

The number of electrons transferred in the electrode reaction (n) for a
reversible couple can be determined from the separation between the peak
potentials:
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AEp = Epa-Epc = °f2 (2-3)

The peak current for a reversible electrode reaction is described by the
Randles-Sevick equation (157) for the forward sweep of the first cycle as:
ip = 2.69xl05n3/2AD1/2Cv1/2 (2-4)
where ip is the peak current (amperes); n is the electron stoichiometry

(eq/mol); A is the electrode area (cm ); C is the concentration (mol/cm ); v

is the scan rate (volts/sec). According to this equation, ip is proportional
v1/2 and the concentration of analyte species.
For the polymer characterisation, cyclic voltammetry can be used to
determine the potential at which the polymer is reversibly oxidised or
reduced in a particular electrolyte, the potential at which irreversible
overoxidation of the polymer occurs and any changes to the polymer
electrochemistry caused by interaction with analyte species in solution.

As mentioned in section 2.1.3, cyclic voltammetry can also be used to
characterise the electrochemistry of the monomer chosen for
electropolymerisation. From the voltammogram the potential at which
monomer oxidation occurs may be determined. This in turn can be used to
set the potential limits for the potentiostatic polymerisation.
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2.2.2 Chronoamperometry

In chronoamperometry, the potential is stepped from an initial value (Ej) to
the final value (Ef) instantaneously. The generated current is recorded as a
function of time (Figure 2-2). Stepping the potential from Ej to Ef, a large
current flow takes place which decays as the depletion of electroactive
species at the electrode takes place due to electrolysis. For a planar
electrode the current response is described by the Cottrell equation (157):
1/2
llz 11
i = (nFAD.1/2
C)/( Yll/2U/2>
\} )

.(2-5)

where, i is current (amperes), n is number of electrons per molecule
(eq/mol), F is Faradayis constant (96,485C/eq), A is electrode area (cm2), C
is the concentration (mol/cm3), D is diffusion coefficient (cm2/s) and t is
time.
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In this work, chronoamperometry w a s used to characterise polymer systems
during electropolymerisation. Normally, as a potential step is applied, a
sharp drop in the current can be obtained. This is due to charging and
faradaic current decay prior to polymer deposition. After that, if polymer is
formed and deposited at electrode surface, a rising transient which levels off
to an almost steady state current can be observed which is the result of the
increase in electroactive surface area caused by the deposition and
expansion of polymeric nuclei.

2.2.3 Chronopotentiometry
Chronopotentiometry contains applying a constant current step at the
working electrode and measuring the resulting potential as the function of
time (Figure 2-3).

ST* n

, i

>

is
3

c
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o
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a.
Time (t)

(a)

Time (t)

(b)

Figure 2-3:
(a) A typical current step waveform for chronopotentiometry. (b) Chronopotentiog
(potential vs time response).
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The application of the current induces the oxidation/reduction of the
electroactive species at a constant rate. A s a result, the potential of the
system changes in order to reflect the changes in concentration of the redox
species. In chronopotentiometry, since the current magnitude is constant,
the amount of charge passed can be easily obtained from the equation: Q = i
x t by monitoring the time.

The chronopotentiogram obtained during electropolymerisation is useful to
obtain the qualitative information of the polymer formed. If the potential
draw

at the working

electrode remains

constant throughout the

polymerisation process it can be inferred that the polymer layer adds no
extra resistance to the circuit and as such will be conducting. In contrast, if
the polymer formed at the electrode has a significant resistance it will add to
the overall resistance of the electrochemical cell and result in a rising
potential transient throughout the polymerisation process.

2.3 ELECTROCHEMICAL TECHNIQUES USED FOR
DETECTION
2.3.1 Cyclic voltammetry
Cyclic voltammetry can be used for the purpose of detection as well as for
the investigation of electrode process and the mechanism of electrode
reactions. This technique has been discussed in section 2.2.1.
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2.3.2 Normal pulse voltammetry

Normal pulse voltammetry ( N P V ) consists of a successive pulse excitation
waveform of gradually increasing amplitude. The initial potential is

intentionally chosen so that the sample analyte presents electrochemically

reactive in this region. The current is then sampled at the end of the for
step. The response is the plot of sampled current versus pulse potential.
The normal pulse voltammogram usually displays as a sigmoidal response.
A typical NPV pulse potential waveform and a NPV voltammogram are
shown in Figure 2-4.
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Figure 2-4:

(a) A part of NPV pulse potential waveform, (b) A typical NPV voltammog

2.3.3 Flow injection analysis with electrochemical detection

In flow injection analysis (FIA) technique, a small sample (20-50ul) is
injected into a carrier solution continuously flowing through the system.
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The sample plug is transported by the carrier solution to the detector where
the analytical signal is generated. The typical FLA output signal is a sharp
asymmetric peak (158). The analytical application of FLA is based on the
linear relationship between the peak height and the concentration of the
analyte. Compared with batch methods, FIA possesses some inherent
advantages including improved reproducibility, lower cost and easy sample
handling.
Due to its simplicity, FIA can be easily combined with electroanalytical
techniques. As an electrochemically active species passes over the
electrode where a sufficiently positive or negative potential is applied, the
oxidation (or reduction) takes place supplying electrons to the electrode (or
removing from the electrode). The magnitude of current generated depends
on the concentration of analyte passing over the electrode surface. The

sensitivity relies on both the mass transfer, the transport of matter from the

bulk solution to the electrode surface, and the charge transfer, the likelihoo
of a reactant undergoing an electron transfer once present at the electrode
surface. Electrochemical detectors are generally classified into two main
categories, namely, coulometric detectors and amperometric detectors. Thin

layer, tubular and well-jet cells are three different types of most extensivel
used amperometric detectors (159-174).
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In order to evaluate the performance of the flow detector, some parameters
must be considered:

(1) Sensitivity (S): Provided that sensitivity is independent of analyte
concentration, it can be defined as the ratio of the change in the detector
signal (AR) to the change of analyte concentration (AC) at a given point in
the range of analyte concentration. It is given by the equation:
c AR (2-6)

AC
thus, sensitivity is the slope of the calibration plot at a given point.
(2) Noise: Noise is the undesirable random component of the measured
signal and comes from chemical, electronic, hydrodynamic and
environmental sources of the whole flow system. For electrochemical
detection, most types of noises are proportional to the surface area of the
working electrode. Better signal to noise ratio (S/N) can be obtained if a
electrode with smaller surface area is used. It is desirable to have S/N as
high as possible.

(3) Limit of detection (LOD): LOD is concerned with the noise levels of
a measurement that limits the amount of analyte that can be detected. The

noise is reflected in the precision of the blank or background signal. LOD is
the lowest concentration level that can be determined to be statistically
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different from an analyte blank. There are numerous ways that detection
limits have been defined. A generally accepted definition is that
concentration that gives a signal three times the standard deviation of the
background signal. This will be used throughout the work in this thesis.

(4) Selectivity: Selectivity represents the ability of a sensor to respond t
a particular substance relative to the interference from other substances
present in the sample.

(5) Linear dynamic range: The linear relationship between sensor signal
and the concentration of analyte should be as broad as possible.
(6) Dynamic property: The dynamic property of a sensor is the ability to

follow changes in the concentration of the analyte. For an ideal sensor, the
signal is a function of time and an accurate response to the variation with
time of analyte concentration in the sample.

In addition, an ideal sensor should possess some other properties such as
low cost, small size and less frequent calibration.

2.3.3.1 DC amperometry

DC amperometry is the simplest and most frequently used electrochemical
technique in flow injection analysis. In DC amperometry, a constant
potential is applied at the working electrode and the resultant current is
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measured as the analyte undergoes electron transfer at the electrode surface.

In the linear range, the generated current is proportional to the concentrati
of analyte.

The applied potential (E app ) is a very important factor which ensures that the
analyte species is measured with the optimum sensitivity and selectivity.
Eapp can be optimized from hydrodynamic voltammogram (HDV). HDV is
operated by changing the applied potential gradually and monitoring the
resultant current. Then the obtained current is plotted as a function of
applied potential to produce the hydrodynamic voltammogram (Figure 2-5).

For the analysis of analyte, the applied potential is generally selected at t
limiting current region of the species. In the limiting current region the
reaction is diffusion controlled.
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(a) Potential applied with time, (b) Hydrodynamic voltammogram.
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2.3.3.2 Pulsed amperometry
Pulsed amperometry is a technique which can be useful in facilitating
electrochemical detection and minimising or eliminating the electrode
fouling problems. In electroanalysis, the electrode fouling or passivation
can be a problem at solid electrode surfaces such as platinum (175-179).

This is particularly attributed to the strong adsorption of reactants and/or
products.
The pulsed waveform comprises altering positive and negative pulses and

has been found to be effective for the reactivation of platinum electrodes f
the oxidation of hydrogen (180) and for the reduction of oxygen (181). In
the flow injection and chromatographic system, the pulsed waveform has
been employed to improve reproducibility and prevent electrode fouling in
the detection of inorganic species such as Fe(III) and Cu(II) (182), simple
alcohols (183, 184) and p-aminophenol (185).

Pulse Amperometric Detection (PAD) consists of applying a multi-potential
waveform to the working electrode. The potential waveform consists of a
pulse or a scanned potential. The current can be integrated anywhere along
the potential pulse or scan as shown in Figure 2-6. Pulsing or stepping the

potential to the more positive or negative potential range allows the remova
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of the reaction products from the electrode surface that normally causes
fouling with DC amperometry.
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Figure 2-6: (a) Scanned potential waveform, (b) Pulsed potential waveform.

Compared with DC amperometry, pulsed amperometry has two main
advantages. First, the sensitivity (186, 187) and selectivity (188-190) can

be improved. Second, the electrode fouling is substantially eliminated (191
192).
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CHAPTER 3

Pulsed Electrochemical Detection of Proteins Using
Surfactant Incorporated Polypyrrole Electrodes
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3.1 INTRODUCTION
The use of conducting polymer sensors to detect a range of simple ions has
been addressed previously (72-74, 76, 193) based on the detection schemes
of the typical oxidation/reduction process of conducting polymer as shown
in Equations 1-1 and 1-2. It has been demonstrated (76, 193) that optimal
performance can be obtained when the sensors are employed in a flow
injection or chromatographic detection mode. A repetitive, pulsed potential
waveform is employed and the current is sampled at an appropriate point on
the potential pulse. As the polymer is oxidised/reduced the ability to
interact with ions or small molecules in solution is altered. As ions
enter/leave the polymer oxidation/reduction of the polymer backbone is

facilitated and gives rise to a current flow that can be used as the analyti
signal. The selectivity of these detection systems can be varied by
incorporating an appropriate counterion (A) during synthesis (76).

In the course of this work we have considered the applicability of the above
detection scheme for the detection of larger molecules, namely proteins.

Proteins are the complex unbranched polymers that play a crucial role in the
structure and function of biological cells and organisms. Development of
analytical methods for their determination would therefore be of great
importance. Conducting polymers can be functionalised to ensure
interaction with protein molecules (105). Specific detection of proteins has
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been achieved by others with conducting polymers (125-128) by
incorporating antibodies into the polymer during synthesis. However,
difficulties in maintaining the activity of the incorporated antibodies
inevitably result in poor reproducibility, reusability and life time. In this
work, an attempt was made to investigate the use of relatively simple "nonbioactive" conducting polymers for the detection of proteins with surfactant
molecules incorporated as counterions.

Interaction of proteins with surfactants has been a subject of extensive study
for over 50 years. As pointed out by Goddard (194, 195), the studies on
protein-surfactant interactions have laid the groundwork for the current
activities in the area of polymer-surfactant interactions. In this regard,
proteins can be generalised as amphoteric polyelectrolytes with some
hydrophobic groups present. However, unlike polyelectrolytes, proteins
exhibit secondary and tertiary structures which makes their interactions with
surfactants much more complex. Interactions of surfactants with proteins,
often referred to as "surfactant binding" (196), are of importance in a wide
variety of industrial, biological, pharmaceutical, and cosmetic systems.
Complex formation between proteins and sodium dodecyl sulphate (SDS)
are routinely used in the determination of the molecular weight of proteins
by SDS polyacrylaimide gel electrophoresis. Surfactant-induced skin
irritation has been correlated with the interactions of the surfactant with
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stratum corneum proteins (194). Human hair and wool are two other
proteinacious substrates which are frequently exposed to surfactants.

Protein-surfactant combinations are found routinely in edible products (195).
In industrial, pharmaceutical, and photographic applications gelatin enjoys
ubiquitous presence, often in combination with surfactants.

Conducting polymers with surfactants as counterions incorporated have
been synthesized previously (197, 198). It has been reported that

electrodeposition in the presence of large, amphilic surfactant ions, results
polypyrrole films having improved mechanical properties and enhanced
electroactivity (199, 200). Both anion and cation movement are involved in
the processes occurring at polypyrrole - surfactant electrodes. This
mechanism may form the basis for signal generation in the presence
proteins.

3.1.1 Aims and approach
The objective of this work is to produce signals at surfactant containing
conducting polymers for a range of proteins. Polypyrroles with a variety of
surfactants were synthesised although more extensive work was carried out
using para-to\uene sulfonate (pTS). Characterisation of the resulting
polymer films was performanced using chronopotentiometry and cyclic
voltammetry.
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To generate analytical signal for proteins, normal pulse voltammet

employed. The effect of the electrochemical conditions was invest

obtain optimal responses. The mechanism of the signal generation w

investigated by varying the anion and cation of supporting electr
well as the functional groups of incorporated surfactants.

The analytical utility was studied using flow injection analysis (

flow conditions, a repetitive, pulsed potential waveform was emplo

the current was sampled at an appropriate point on the potential p

calibration curves were obtained and limits of detection were det
all proteins.
3.2 EXPERIMENTAL

3.2.1 Reagents and standard solutions

All reagents were AR grade unless otherwise stated. Pyrrole was o

from MERCK and was distilled prior to use. All solutions were pre

using deionised Mill-Q water (18 MQ Cm). Proteins were obtained f

SIGMA and used without further purification, para-toluene sulfona

and other surfactants 4-hydroxybenzenesulphonic acid (sodium salt
dihydrate), 4-carboxybenzenesulphonic acid (sodium salt) and 4-

aminobenzenesulphonic acid (sodium salt) were purchased from MERC
and used as received.
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3.2.2 Instrumentation

Conducting polymer coated electrodes were prepared galvanostatically
using a Princeton Applied Research (PAR) Potentiostat/Galvanostat Model
363. The chronopotentiogram was recorded using an ADI MacLab
interfaced with an Apple Macintosh computer. Cyclic voltammetry (CV)
and normal pulse voltammetry (NPV) were performed using an ADI
ElectroLab interfaced with an Apple Macintosh computer. A three
electrode system was employed for stationary cell work. A platinum disc

(0.018 cm2) working electrode, a platinum gauze auxiliary electrode and a
Ag/AgCI (3M NaCl) reference electrode were employed.
Flow injection analysis was carried out using a Dionex Liquid
Chromatographic Module LCM-3. A 20ul sample loop was used. A thin

layer amperometric cell supplied by Dionex was used for all flow injecti
analyses. A Dionex pulsed electrochemical detector (PED, Model ED 40)
was employed for detection. The generated current output was monitored
with a chart recorder.

3.2.3 Preparation of polypyrrole coated electrodes

Polypyrrole films were prepared galvanostatically from an aqueous soluti
containing 0.2M pyrrole monomer and 0.1M supporting electrolyte at a

current density of 2.0 mA/cm2. The working electrode was polished using a
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polishing cloth with 0.1 um alumina and then ultrasonicated prior to use.
The polymerisation solutions were deoxygenated with nitrogen for 10
minutes prior to use.

3.3 RESULTS AND DISCUSSION
Initial work in a stationary cell was performed using PPy/pTS (I shown
below) coated electrode for the signal generation of protein H S A . Then,
with flow injection system, the analytical utility of this polymer electrode
was investigated for a range of proteins.
S03"

CH3
n = 2-4

(i)
3.3.1 Constant current polymerisation
During the electropolymerisation of PPy/pTS, the chronopotentiogram
obtained is shown in Figure 3-1.
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Figure 3-1:
Chronopotentiogram recorded during the electropolymerisation of PPy/pTS at a Pt
disc electrode. Current density: 2.0 mA/cm2. Polymerisation solution: 0.2 Mpyrrole and 0.1 MpTS.
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Figure 3-2:
Cyclic voltammograms obtained at a PPy/pTS coated electrode in (a) 1.0 M NaN03,
(b) 1.0 M NaCl and (c) 1.0MNa2SO4. Scan rate: 20 mV/s.
Polymer was prepared galvanostatically at
2
the current density of 2.0 mA/cm in 0.2 Mpyrrole and 0.1 MpTS for 20 seconds.

It was found that a potential of about 0.90V was necessary to initiate t
oxidation of monomer. After that, a constant potential around 0.75V was
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observed throughout the polymerisation process indicating formation of a
conducting polymer (153). Using this method, a uniform black polymer
PPy/pTS was obtained on the electrode surface.

3.3.2 Characterisation of PPy/pTS electrodes
Using cyclic voltammetry it was confirmed that the polymer PPy/pTS was
electroactive in 1 .OM NaN03, 1 .OM NaCl and 1 .OM Na2S04 (Figure 3-2).

The responses observed were due to the oxidation/reduction of the polymer.
The redox properties of the polymer were, as expected, influenced by the
supporting electrolyte employed (201). In 1.0 M NaN03, both the anion and
cation movement can be ascribed by the multiple peaks occurred at

PPy/pTS. The reduction peak observed at less negative potentials (around -

0.1V) is associated with anion expulsion. At more negative potentials, the
second reduction peak (-0.35 V) suggests that the polymer was fully
reduced after cation incorporation (202). However, in 1 .OM NaCl and 1 .OM
Na2S04, the reduction peak associated with the dominant moment of anion

in the less negative potential region was not observed. This implies that,
1.0 M NaCl and 1.0 M Na2S04, the anion movement was not apparent and
the charge compensation of polymer during reduction and oxidation is
dominantly contributed by cation incorporation and expulsion.
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Compared with the responses in the solutions containing NO3" or CI", the

redox couples in the solution containing divalent SO42" were shifted to more
negative potentials indicating that charge compensation was predominantly
achieved by cation insertion and removal (203). The dominant cation
exchange process in sulphate electrolyte has been reported by others
previously (204).

It was found that, at the surfactant incorporated polymer coated electrodes,

the addition of protein had no apparent effect on the polymer response. Thi

result was observed in the cyclic voltammetry studies, even when a range of

supporting electrolytes containing anions such as CI", NO3", SO4 ", CO3" or
PO43" and cations such as Li+, Na+, K+, Ca2+ or Mg2+ were employed.

3.3.3 Normal pulse voltammetric responses of proteins
Subsequently the use of normal pulse voltammetry (NPV) was considered.
The NPV technique closely resembles the pulsed potential conditions used
in the flow through cell. This technique has been proven most useful for
detection of simple ions (72-74). Using pulsed potential waveforms, the
equilibrium state of the polymer can be re-established between pulses and
the electrochemical doping process at the polymer electrodes can also be

evaluated. Current can be sampled at different time intervals along the pul
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width, enabling the sensitivity and selectivity of the resulting signal based
the kinetics of the process occurring to be adjusted.

The usefulness of the NPV technique can be illustrated if the response to the
protein HSA in 1.0 M Na2S04 is considered (Figure 3-3). Using the pulsed
conditions of pulse width =120 ms, step width = 200 ms and step height = 4
mV respectively, this polymer electrode was scanned anodically from -1.0 V
to +0.40 V. In the presence of HSA, a distinct current was produced around
-0.33V. The NPV response, the increase in current over the background
NPV (i.e. with no HSA), increased with the protein concentration indicating
that interactions occurred between the protein and the polymer.

-1.0

-0.4

0

0.4

E (VOLT) vs Ag/AgCI

Figure 3-3: Normal pulse voltammograms obtained at a PPy/pTS coated electrode in (a)
Na£04, (b) 0.025 mM HSA in 1.0MNa2SO4, (c) 0.05 mM HSA in LOMNa^SO^
(d) 0.10 mM HSA i
1.0 M NaJsOi and (e) 0.20 mM HSA in 1.0 M Na2S04. Scan rate: 20 m V/s. Step width: 200 ms.
width: 120 ms. Step height: 4 mV. Current was sampled at 60 msfor a period of 20 ms. Polymer wa
prepared as in Figure 3-2.

Interactions between protein and bare platinum electrodes or polymers
containing simple anions (NO3) were also investigated. At the PPV/NO3
electrode (Figure 3-4A), a polymer oxidation response was observed around
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-0.30 V, however no significant difference w a s seen in the presence of H S A .
At a bare electrode (Figure 3-4B), no responses due to protein were
detected. These observations confirm that the interaction between the
surfactant containing polymer and the protein is critical for signal
generation.
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Figure 3-4:
Normal pulse voltammograms obtained at (A) PPy/N03 coated electrode and (B) ba
Pt electrode in (a) 1.0 M Na2S04 and (b) 0.1 mM HSA in 1.0 M Na2S04. PPy/N03 was prepared
galvanostatically at the current density of 2.0 mA/cm2 in 0.2 M pyrrole and 0.1 M NaN03 for
seconds. Other conditions as in Figure 3-3.
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3.3.3.1 Effect of pulse waveform

The effect of the pulsed conditions was investigated using the PPy/pTS
electrode. By varying pulse width and the current sampling point,
information about the signal generation mechanism was obtained.

As shown in Figure 3-5, the pulse width used has a dramatic effect on the
protein NPV response. Comparing the NPV responses generated around -

0.33 V, the most sensitive response was obtained with the pulse width of 12
ms. Decreasing pulse width produced smaller responses. This suggests that
an appropriate long pulse width allows time for protein interaction and
signal generation to occur. However, use of pulse widths greater than 120
ms resulted in a reduction in the protein response. This is presumably due

to the relatively reduced times for current sampling in a particular interv
a much longer pulse width (> 160ms) was employed.

•

0.2-

5 0.1"
£
0

"°"1 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
E(V)

Figure 3-5: Normal pulse voltammograms obtained at a PPy/pTS coated electrode in 0. I
in l.OMNa^SO^ Pulse width: (a)40 ms, (b)80 ms, (c)120 ms, (d)160 ms. Other conditions as i
3-3.
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The response observed was also influenced by the current sampling point.
As the time before sampling (ts) was increased, due to the enhanced

protein/polymer interaction, a more sensitive protein response was observe

(Figure 3-6). However, as the current was sampled at ts > 80ms, a increased
polymer background current was observed and hindered the response to
protein. The NPV responses obtained at different current sampling points
followed the order: 50.5uA (60ms) > 40.2uA (40ms) > 30.8uA (80ms) >
30.0uA (100ms). The best ts was optimised as 60 ms.

Figure 3-6:
Normal pulse voltammograms obtained at a PPy/pTS coated electrode in 0. ImM
in 1.0 M Na2S04. Current was sampled at: (a)40 ms, (b)60 ms, (c)80 ms, (d) 100 ms. Other cond
as in Figure 3-3.

3.3.3.2 Effect of supporting electrolyte (anion and cation)

Using the same pulsed potential conditions, the effect of varying the anio

and cation in the supporting electrolyte was considered (Table 3-1). It wa
found that in electrolyte containing the sulphate anion, the response was
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defined when Li+ was used as the cation. This response decreased in
magnitude (although remaining similar in nature, i.e. peak potential / peak
shape) when Na+ or K+ was employed. In NaCl, less sensitive responses
were observed. In NaN03, no response was generated.
Table 3-1: Effect of electrolyte on NPV response for HSA at a PPy/pTS electrode
a
Electrolyte (Molar surface tension increment)(rel20S) NPV response (^A)
NaN03 1.06 0
NaCl 1.64 21.5
Na2S04 2.73 87.5
K2S04 2.58 80.1
Li2S04 2.78 91.2
Electrolyte concentration: 1.0 M. Protein concentration: 0.1 mM.
Figure 3-3.

Experimental condi

The effects observed due to the nature of the supporting electrolyte used
may be attributed to two factors. Firstly, the hydrophobic character of the
incorporated surfactant and the reduced form (at potentials less than -0.60
V) of polypyrrole (II, shown below) will undoubtedly encourage
hydrophobic interactions between the polymer and protein.

H

(H)

"
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It is well know from studies involving the hydrophobic interaction of
proteins with chromatographic stationary phases (206) that the nature of the
salt employed has a marked effect. The principal parameters which

determine the effects of salt on the chromatographic retention of proteins are

salt molality and the molar surface tension increment (a) of the salt, CT is a

constant used to determine the ability of salt to affect the surface tension o
the solutions. With an increased a, the higher surface tension of the salt
solution can be obtained. In the absence of any specific binding effects, an

increase in salt molality in the mobile phase, or the use of a salt with great

molar surface tension, will result in increased interaction of proteins with t
stationary phase and subsequently increased retention.
The proteins used in this study can not be directly oxidised or reduced hence
the signal generated should be dependent on polymer/protein interaction.
As with the retention value in chromatography an increased electrochemical

response should be obtained if a sulphate salt having a greater a than nitrate
and chloride, is used. This was confirmed by the experimental results
obtained here. In 1.0 M NaNC>3 no response was observed, in 1.0 M NaCl
a very weak response was generated, and in 1.0 M Na2S04 a much greater
response occurred.
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For the anion S04 ", a for the salt increases in the order Li2S04 > Na2S04 >
K2SO.4. This implies that with Li2S04 as supporting electrolyte, a stronger
interaction between HSA and the hydrophobic polymer surface will occur.
Again, it was observed that the magnitude of the responses for HSA
increases according to: Li2S04 > Na2S04 > K2S04.
The second aspect of polymer (electro) chemistry that is influenced by the

nature of salt (electrolyte) used is the polymer oxidation / reduction proces
At the immobile surfactant incorporated polymer electrode, both anion and
cation movement are involved in the redox process but the cation exchange
is predominant (197, 198). This was confirmed at PPy/pTS electrode in this
work. The nature of the oxidation/reduction process will be influenced by
the nature of the electrolyte (both anion and cation) employed. In previous
studies, it has been shown that in sulphate electrolytes cation exchange
processes predominate (207). It has also been shown by others (204) that in
systems where cation exchange predominates, the ease of incorporation
decreases in the order of Li+> Na+ > K+. That is, Li+ is incorporated more
easily. This again follows the order of the sensitivity observed for the HSA
response at the PPy/pTS coated electrode.
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3.3.3.3

Effect of functional groups on counterions

The polymer/protein hydrophobic interaction has also been confirmed by the
presence of functional groups on the incorporated counterion (A") for HSA
response. Using 1.0 M Na2S04 as supporting electrolyte, counterions (III
to V shown below) with different functional groups were considered.

N P V responses for H S A produced at these counterion incorporated polymer
electrodes are summarized in Table 3-2.

Table 3-2:

Effect of counterion functional group on NPV response for HSA
Counterion functional group

NPV response (^A)

-CH3

87.5

-OH

35.6

-COOH

47.8

-NH2

0

Electrolyte: 1.0 M Na?S04. Protein concentration: 0.1 mM. Experimental conditions as in Figure 3-3.

It was found that the magnitude of the HSA response obtained with the
hydrophobic group - C H 3 present (pTS) was much greater than those
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obtained when counterions with -OH or -COOH were used. At the other
extreme, with the -NH2 group present on the counterion, no response was
generated. This is presumably due to the higher hydrophilicity of the -NH2
group compared with other groups. Obviously, the hydrophobicity of the

electrode surface plays a important role in determining the magnitude of th
observed response. Also, it suggests that the interaction of "surfactant

binding" (196) can take place at the polymer surface and is the key for the
signal generation in the presence of proteins.

3.3.4 Flow injection analysis (FIA)
The analytical utility of PPy/pTS coated electrode was explored using flow
injection analysis. The calibration curves were obtained and limits of
detection were determined for a range of proteins.
A pulsed potential waveform as described previously (76, 125, 193) was
used. The initial potential Ei = -0.6 and final potential E2 = +0.4V were
employed for FLA detection. Current was sampled at the end of E2. Results

in a stationary cell (Figure 3-3) indicate that such a pulsed routine shoul
optimal for signal generation.

Using an eluent containing 1.0 M Li2S04 and buffer (pH = 4.0), it was found

that only small, insensitive responses could be obtained (Figure 3-7). Sinc
protein-polymer interactions are known to be encouraged under these
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conditions this observation was presumably due to the low signal to noise
ratio available afforded by the high concentration of background electrolyte.
The effect of the concentration of Li2S04 was then investigated. Sensitive,
reproducible responses were observed for all proteins using the lower
concentration of 10'3 M.

Figure 3-7:
Effect of the concentration of eluent (LiySO^ on the FIA responses for a range of
proteins. Eluent contained l.OmMphosphate buffer (pH = 4.0). Protein concentration: lOpM (in
eluent). Flow rate: 1.0 ml/min. Detection conditions: Et = -0.60V, E2 = +0.40V, t, = 120 ms, t2 =
80ms. Current was sampled at the end ofE2 for 10 ms. PPy/pTS was prepared galvanostatically at the
current density of 2.0mA/cm2 in 0.2Mpyrrole and 0.1MpTS for 10 seconds.

The effect of eluent p H on protein F I A responses were also investigated
(Figure 3-8). It was found that most sensitive responses were obtained for
all proteins at pH = 4.0. At higher pH, the reduced responses were
observed. This presumably implies that, using the eluent with pH lower

than 4.0, the positively charged protein (the isoelectric points of all protei
involved are higher than 4.0) could be incorporated into the cation exchange
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dominant PPy/pTS polymer to enhance the interaction and subsequently
increase the responses.

Figure 3-8:
Effect of eluent pH on the FIA responses for a range of proteins. Eluent was 10~3 M
Li2S04.. Other conditions as in Figure 3-7.

Under these conditions calibration curves for all proteins were obtained
(Figure 3-9).

Limits of detection were found to be in the micromolar range for O V A , aLAC, MYO and CYT.C and 10 nanomolar for HSA and BSA (Table 3-3).

Table 3-3:
Sensitivity, limit of detection and relative standard deviation of different protein
obtained'using PPy/pTS coated'electrode in a FIA system
Sensitivity (uA/u.M)

HSA

1.95

0.01

1.5

BSA

1.73

0.01

1.8

MYO

0.12

0.4

1.0

CYT.C

0.06

0.5

1.0

a-LAC

0.07

0.3

1.0

OVA

0.28

0.2

1.0

wMmWMiMumMmMi

Detection conditions as in Figure 3-9.

Limit of Detection (\iM)

R. S. D. (%)

Protein
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Figure 3-9:
Calibration curves obtained for (a) HSA, (b) BSA, (c) MYO, (d) CYT.C, (e) a-LAC
(f) OVA using a PPy/pTS coated electrode. Eluent used was Iff3M11^04 containing 1 mM phosphate
buffer (pH = 4.0). Other conditions as in Figure 3-7.

and
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It was found that more sensitive responses were generated for hydrophobic
proteins HSA and BSA, while more hydrophilic proteins MYO and CYT.C
produced less sensitive responses. This observation, again, confirms the
importance of the hydrophobic interaction in signal generation.

3.4 CONCLUSIONS

In this chapter, the use of surfactant incorporated polypyrrole electrode for
the detection of proteins has been demonstrated. At the large immobile
surfactant containing polymer film, cation movement during the polymer
redox process is predominant. The nature of this exchange mechanism is
influenced by the anion/cation used in the electrolyte solution.
Protein reposes have been obtained at surfactant incorporated polymer
coated electrodes using pulsed potential techniques. The generated
response depends on two main components.

One is the "surfactant binding" interaction between protein and the
surfactant incorporated polymer, where the hydrophobicity of the polymer

surface has a substantial effect on this interaction. Optimising the function
group of the surfactant, a hydrophobic polymer could be obtained to
produce response for proteins. On the other hand, this hydrophobic
interaction can also be enhanced by involving the electrolyte with high
molar surface tension increment (e.g. sulphate).
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The other factor affecting the signal generation was found to be attributed t
the polymer oxidation/reduction scheme. Due to the predominant cation
exchange process at the surfactant incorporated polymer electrode, the most
sensitive response was observed in Li+ containing sulfate electrolyte.

Using flow injection analysis and pulsed potential waveform, the sensitive,
reproducible and linear responses have been obtained for all test proteins.
Limits of detection in the micromolar range for OVA, oc-LAC, MYO and
CYT.C and 10 nanomolar for HSA and BSA have been estimated.
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CHAPTER 4

Using Polypyrrole Electrodes Containing Sulphonated
Dye Counterions to Achieve Selective Responses for
Proteins
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4.1 INTRODUCTION
In recent years, the design, fabrication and application of conducting
polymer based sensors have been topics of considerable interest (208-210).
The properties of conducting polymers can be dramatically varied by
changing the counterions incorporated during polymerisation. This enables
the oxidation/reduction process of the polymer to be controlled by anion
exchange (Equation 1-1) or cation exchange (Equation 1-2). Using these
mechanisms, conducting polymers have been utilised for the electrochemical
detection of electroinactive anions (72-74, 76, 193) and cations (83, 84).
Alternatively, conducting polymers may be used as a matrix for
immobilisation of specific molecules that are capable of substrate
recognition (35). Electrochemical polymerisation allows the incorporation
of a wide range of counterions in selecting appropriate molecular
recognition systems (63, 64). For example, the deliberate incorporation of
complexing agents into a conducting polymer matrix has been demonstrated
as a useful approach for the detection of metal ions (84-87, 211). In the
area of biosensors, conducting polymer has also proven to be a promising
support material. The most common recognition molecules studied are
enzymes and antibodies. Enzyme-immobilised conducting polymer systems
have been extensively studied in recent years (96-102). The most common
example is the use of glucose oxidase incorporated into a conducting
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polymer for the detection of glucose (103, 114). In the case of antibody
loaded conducting polymer sensors, selective responses for specific proteins
have been reported (125-128).

In this chapter, another relatively simple chemistry, namely protein/dye
binding interactions has been considered by incorporating sulphonated dyes
into conducting polymers to achieve sensitive and selective detection of
proteins. This approach is based on previous work involving the use of dyebinding protein detection using spectrophotometry (212, 213). With dyebinding methods it was demonstrated that the presence of proteins affects
the colour change of some indicators used in acid-base titrations. The
altered absorption characteristics of such dyes has been used to develop
spectrophotometric approaches for quantifying proteins. It is interesting to
note that most indicators used in dye binding spectrophotometry are
sulphonates, which are easily incorporated into conducting polymer matrices

(84). Importantly, for a given dye, the considerable variation in dye binding
affinity with different proteins (212) should lead to changes in selectivity
when this chemistry is used in conducting polymer sensors.

4.1.1 Aims and approach

The aim of this work is to incorporate sulphonated dyes into polypyrrole to
produce responses for a range of proteins. The electrochemical synthesis of
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these polymers was carried out galvanostatically. Chronopotentiome

cyclic voltammetry were employed for the characterisation of the r
dye containing polymers.

Using flow injection analysis, DC amperometric detection and pulse

amperometric detection of proteins were investigated. In both case

sensitive and selective responses for proteins were obtained by op

polymer composition with different dyes incorporated, eluent pH an
applied potential waveform. The protein/dye interactions occurred
solution or at the polymer surface were investigated using UV-Vis

spectroscopy. This was used to interpret the signal generation mec
of protein responses at dye containing polymer electrodes.

At each dye incorporated polymer electrode, calibration curves and

of detection were obtained for the most sensitive protein response
DC amperometry and pulsed amperometry.

4.2 EXPERIMENTAL

4.2.1 Reagents and standard solutions

All reagents were AR grade unless otherwise stated. Methyl orange

obtained from BDH. Bromocresol green, Bromocresol purple and Brill
blue R were obtained from SIGMA. Pyrrole was purchased from MERCK
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and was distilled prior to use. Proteins were bought from SIGMA and used

without further purification. All solutions were prepared using deionised
Mill-Q water (18 MQ Cm).

4.2.2 Instrumentation

The polymer coated electrodes were prepared galvanostatically using a
Princeton Applied Research (PAR) Potentiostat / Galvanostat Model 363.
The chronopotentiogram was monitored using an ADI MacLab interfaced
with an Apple Macintosh computer. A three electrode system was

employed for cyclic voltammetry and consisted of a 0.018cm2 platinum disc

working electrode, a platinum gauze auxiliary electrode and a Ag/AgCI (3M
NaCl) reference electrode. Cyclic voltammetry was carried out using an
ADI ElectroLab interfaced with an Apple Macintosh computer. An Orion
pH meter model SA520 was used to adjust solution pH. A Shimadzu UVvis recording spectrophotometer model UV-265 was used to obtain spectra
in solution and at polymer coated ITO glass.

Flow injection analysis was performed using a Dionex Liquid
Chromatographic Module LCM-3V. A 20ul sample loop was used. A thin
layer amperometric cell supplied by Dionex was employed throughout all
experiments and controlled by the Dionex pulsed amperometric detector
(PED, Model ED 40). The polymer was coated onto the platinum electrode
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and this was then installed in the flow system. The potential wavefor
applied with the eluent continuously flowing. About 10 minutes later, a
stable baseline was obtained. Then, protein solutions were injected.

4.2.3 Preparation of sulphonated dye incorporated polypyrrole
electrodes
The working electrode was polished using a polishing cloth with 0.1
alumina and then ultrasonicated prior to use. The polymerisation solution
was deoxygenated with nitrogen for 10 minutes prior to use. For the study
of protein/dye interactions at the polymer surface, polymers were deposited
onto ITO coated glass electrode.

4.3 RESULTS AND DISCUSSION

4.3.1 Synthesis of sulphonated dye incorporated polypyrrole
electrodes

The characteristics of the dyes considered are shown in Table 4-1. T
structures of these dyes (I-IV) are shown in Figure 4-1
Table 4-1:

Characteristics of sulphonated dyes

Sulphonated dye Acronym Molecular weight pK,
(Dissociation constant) ref"(21'
Methyl orange

MO

327.34

3.46

Bromocresol green

BG

720.0

4.90

Bromocresol purple

BP

562.2

6.40

Brilliant blue R

BBR

826.0
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It should be noted that all dyes employed are sulphonates with a
dissociation constant (pKa) below 7.0 (214), which means that they can be
easily incorporated into the conducting polymer matrix according to:
Electrochemical
Py + Dye-S0 3 -Na +

°Xldatl°n

•

PPyTDye-SOj" + N a +

(4-1)

The incorporation of sulphonated dye into polypyrrole was carried out
galvanostatically. For the preparation of PPy/MO, PPy/BG and PPy/BP, the
composition of the polymerisation solution was 0.2M pyrrole and 0.005M
dye counterion. A current density of 2.0 mA/cm2 was employed. However,
the formation of PPy/BBR was more difficult. This is presumably due to its
relatively larger molecular weight and the positively charged +NCH2 leading
to electrostatic repulsion from the oxidised polypyrrole backbone.
Preliminary work showed that, in the solution containing pyrrole monomer
and Brilliant blue R, no polymerisation occurred even with imposition of a
high current density (up to 15 mA/cm2) for a long polymerisation time (5
min). To achieve polymerisation, use of a pH 7.0 phosphate buffer solution
and a current density of 10 mA/cm2 were required. Presumably, at this pH
value, the positive charge of BBR molecule can be reduced which is helpful
for the incorporation of BBR and the formation of PPy/BBR.

The chronopotentiograms during polymer growth recorded are shown in
Figure 4-2. Compared with other polymers, a significant rise in the initial
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potential recorded for the deposition of PPy/BBR was observed. This is
probably due to the higher current density employed.

T
0.2V

JL

b

£
. 4 min .

Figure 4-2:
Chronopotentiograms obtained during the electropolymerisation of (a)PPy/MO,
(b)PPy/BG, (c)PPy/BP and (d)PPy/BBR at a Pt disc electrode. Current density: 2.0 mA/cm2 for (a), (b),
(c). 10.0 mA/cm2 for (d). Polymerisation solution: 0.2M pyrrole and 0.005M dye for (a), (b), (c), 0.2M
pyrrole and 0.005MBBR buffered with 0.1Msodium phosphate buffer (pH=7.0) for (d).

For each polymer, a constant potential was obtained after the initial

potential rise indicating the formation of polymer. The constant potential
were +1.1 OV (PPy/MO), +0.80V (PPy/BG), +0.90V (PPy/BP) and +0.95V
(PPy/BBR) respectively. Direct evidence of polymer formation was
obtained from the colour of the deposited film: PPy/MO (gold), PPy/BG
(green), PPy/BP (blue), PPy/BBR (blue).
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4.3.2 Characterisation

Cyclic voltammetry, after polymerisation, confirmed that the deposited
polymers were electroactive (Figure 4-3) in the corresponding solutions
recommended previously for dye-binding spectrophotometry (212).

E (VOLT) vs Ag/AgCI

Figure 4-3: Cyclic voltammograms obtained for (a)PPy/MO in 0.1 M sodium phosphate buffe
(pH=5.0), (b)PPy/BG in 0.075Msodium succinate buffer (pH=7.0), (c)PPy/BP in 0.1 Msodium ac
buffer (pH=6.0) and (d)PPy/BBR in 0.87MH3PO4 in 47.0g/L ethanol. Scan rate: 20 mV/s. Poly
were prepared as in Figure 4-2. Polymerisation time: 10s.

It was also noted that, in addition to the typical broad responses of
conducting polymers (36), these dye incorporated polymers showed
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additional redox peaks which may be associated with the electrochemical
properties of the dyes. Their structures with groups such as -N=N-, ph-OH,
-C=0 and -C=N included suggest that these dyes should undergo electron
transfer with the electrode. Previously, the electrochemical behaviour of
methyl orange at mercury electrodes has been discussed (215, 216).
To confirm the redox properties of incorporated dyes, the cyclic
voltammetry of dyes employed in this work was investigated at a platinum
electrode in solution (Figure 4-4).

E (VOLT) vs Ag/AgCI
Figure 4-4: Cyclic voltammograms obtained for (a) MO, (b) BG, (c) BP and (d) BBR at a
electrode. Dye concentration: 0.005 Min 0.1MKCI. Scan rate: 20 mV/s.
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It was found that the oxidation/reduction peaks did appear for all dyes. The
shape and position of the responses obtained at bare electrode in solution
are similar to those observed at polymer electrodes implying that the
incorporated dyes retain this electroactivity.

4.3.3 DC amperometric flow injection analysis
Flow injection analysis using these dye containing electrodes was
investigated. The effects of applied potential and the eluent pH were
studied.

4.3.3.1 Effect of applied potential
First, the effect of applied potential on the FIA responses for a range of
proteins was investigated (Figure 4-5). The solutions recommended
previously for dye - binding spectrophotometry (212) were employed as
eluents for each of the corresponding dye containing polymer electrodes.

At PPy/MO electrode, with an applied potential equal to or more negative
than +0.10V, the background current was unstable. For example, when the
applied potential was maintained at +0.10V, a stable baseline was not
obtained even after 4 hours.
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Figure 4-5: Effect of applied potential on the FIA responses for a range of proteins at
(A)PPy/MO, (B)PPy/BG, (QPPy/BP and (D)PPy/BBR coated electrodes. The eluents used were (A) 0.1
Msodium phosphate buffer (pH=3.5), (B) 0.075 M sodium succinate buffer (pH=4.2), (C) 0.1 M sodium
acetate buffer (pH=5.2) and (D) 0.87 M HiP04 in 47.0 g/L ethanol. Flow rate: 1.0 ml/min.
Concentration of protein: 1 OpM in eluent. Polymers were prepared as in Figure 4-3.

The applied potential (Figure 4-5A) had a dramatic effect on the protein
responses obtained using FIA. With an applied potential less than +0.80V,
only small insensitive response could be obtained for each test protein.
Beyond this potential, the peak current increased sharply. At +1.00V, welldefined peaks and good selectivity were obtained. At more positive
potentials, decreased responses were observed, presumably due to the

deterioration of conductivity as a result of polymer overoxidation at higher
potentials (217).

Similar results were obtained for P P y / B G (Figure 4-5B) and PPy/BP (Figure
4-5C) coated electrodes. That is, well-defined peaks and good selectivity
were generated at +1.00V. However, the selectivity series for each polymer
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differs and this provides the basis of achieving selectivity by modifying the
dye used. Unlike the situation at other dye incorporated polymer electrodes,
with PPy/BBR coated electrode, HSA generated a negative response. The
best selectivity was achieved at + 1.20V (Figure 4-5D). At more positive
potentials, negative responses were observed for all of the proteins.
However, poor selectivity was obtained at highly positive potentials.
4.3.3.2 Effect of eluent pH

Using the optimal applied potential, the effect of eluent pH was investigated
at all of the dye incorporated electrodes (Figure 4-6).
As with spectrophotometry, the dye-protein binding interaction was affected
by eluent pH. As shown in Figure 4-6A, at the PPy/MO electrode, the
effect of eluent pH on the responses to HSA, MYO, CYT.C and cc-LAC
was small. They are essentially independent of eluent pH, while BSA and
OVA responses are markedly affected. The optimal responses were
observed around their isoelectric points. At the PPy/BG electrode (Figure
4-6B), the most sensitive responses were obtained for OVA and BSA at pH
7.0, that is above their isoelectric points. However, the responses to other

proteins were very insensitive over the pH range investigated. In the case of
PPy/BP (Figure 4-6C), OVA and MYO obtained their most sensitive
responses at pH 6.0 which is also above their isoelectric points.
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Figure 4-6:
Effect of eluent pH on the FIA responses for a range of proteins at (A)PPy/MO,
(B)PPy/BG, (QPPy/BP and (D)PPy/BBR coated electrodes. The eluents used were (A) 0.1 M sodium
phosphate buffer, (B) 0.075Msodium succinate buffer, (C) 0.1 Msodium acetate buffer and (D) H3P04
in 47.0 g/L ethanol. Applied potential: +1.00Vfor (A), (B) and (C), + 1.20Vfor (D). Other conditions
as in Figure 4-5.

It was noted that, at dye containing polymer electrodes, the optimal pH
values for protein responses were higher than those observed in solution. At
these pH values, the proteins that produced most sensitive responses
displayed negative charge. Presumably, this can promote the electrostatic
attraction between positively charged polymer backbone and the negatively
charged proteins and then facilitate the protein/dye interactions. Another
evidence associated with this hypothesis is the response to CYT.C, which
possesses the highest isoelectric point among the proteins tested. Thus, due

to its highest positive charge, it is difficult for this protein to be attracted
the polymer surface to undergo the dye binding interaction leading to the
least sensitive response in all cases.
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With solution pH approximately 10, the reduced responses were observed
for all dye incorporated polymer electrodes. This is presumably due to the
degradation of the conducting polymer at high pH.

For PPy/BBR (Figure 4-6D), the effect of H3PO4 concentration was also
studied. The unique negative response for H S A was optimised when H3PO4
(0.87M) was used, while the concentration for the most sensitive (positive)
responses to O V A and B S A was found as 0.95M.

4.3.3.3 Achieving selectivity by modulating polymer composition,
applied potential and eluent p H
The purpose of this work is to achieve selective responses for proteins at
dye containing polymer electrodes. The above results show that selectivity
can be obtained by modifying polymer composition, applied potential or
eluent pH.

At each dye containing electrode, applied potential has a marked effect on
the protein response (Figure 4-5). Below a critical applied potential, the
responses generated for all proteins are very small and the selectivity among
the proteins is poor. For example, at P P y / M O electrode, with the potential
below +0.80V, no significant response was observed for any of the proteins.
However, at the optimal potential, +1.00V, the responses observed for B S A
and O V A were much more sensitive than for the other proteins.
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As in dye-binding spectrophotometry, interactions are dependent on the
solution pH (213). Since the effect of pH on protein response was different
from one to another, selectivity could be obtained by adjusting the eluent
pH. Taking PPy/MO as an example again, the best selectivity was obtained
at pH = 5.0. The responses for BSA and OVA were much more sensitive
than others. The similar pH dependent regulation was observed for other
dye incorporated polymers.
Using the corresponding optimal applied potential and eluent pH, the varied
selectivity series can be manipulated by modifying polymer composition
(Figure 4-7).

Taking a-LAC as the reference, the selectivity factors among the proteins
can be calculated for each of the polymer electrodes (Table 4-2).
Table 4-2:
Selectivity factors obtained at dye containing polymer electrodes for a range of
proteins in a FIA system using constant potential

Selectivity factor
roiymer R^LAC/ROTLAC RHSA/RO-LAC RBSA/RO-LAC RMYO/RO-LAC RCYT.C/RO-LAC ROVA/R«-LAC

PPy/MO

1

0.20

7.42

2.41

0.17

6.47

PPy/BG

1

0.49

5.75

2.26

0.28

7.96

PPy/BP

1

0.67

0.66

1.62

0.55

2.38

PPy/BBR

1

4.00

4.00

0.46

1.69

6.15

Polymers were prepared as in Figure 4-2. Polymerisation time: 10s. The eluents used were 0.1M
sodium phosphate buffer (pH=5.0)for PPy/MO, 0.075Msodium succinate buffer (pH=7.0) for PPy/BG,
0.1Msodium acetate buffer (pH=6.0) for PPy/BP and 0.87MH^04
in 47.0g/L ethanol for PPy/BBR.
Flow rate: l.Oml/min. Concentration of protein: 10/JM in elunet. Applied potential: +1.00V for
PPy/MO, PPy/BG and PPy/BP, + 1.20Vfor PPy/BBR.
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T h e different selectivity orders are:
PPy/MO:
PPy/BG:
PPy/BP:
PPy/BBR:

BSA > OVA > M Y O > a-LAC > HSA > CYT.C
OVA > BSA > M Y O > a-LAC > HSA > CYT.C
OVA > M Y O > a-LAC > HSA > BSA > CYT.C
OVA > HSA > BSA > CYT.C > a-LAC > M Y O
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Figure 4-7:
FIA responses obtained at (A)PPy/MO, (B)PPy/BG, (QPPy/BP and (D)PPy/BBR
coated electrodes for (a) HSA, (b) BSA, (c) MYO, (d) CYT.C, (e) a-LAC and (f) OVA. The eluents used
were (A) 0.1 Msodium phosphate buffer (pH=5.0), (B) 0.075 Msodium succinate buffer (pH=7.0), (C)
0.1 M sodium acetate buffer (pH=6.0) and (D) 0.87M H3P04 in 47.0 g/L ethanol. Applied potential:
+1. OOVfor (A), (B) and (C), +1.20Vfor (D). Other conditions as in Figure 4-5.
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Comparing the results obtained above, it is found that by incorporating
different dyes into the polypyrrole matrix during synthesis, the selectivity
series can be changed dramatically.

4.3.3.4 Calibration curves and detection limits
Calibration curves for the most sensitive proteins BSA and OVA were
obtained using a PPy/MO coated electrode. Then, the calibration curves for
two or three most sensitive proteins were obtained at other dye incorporated
polymer coated electrodes. Based on the slopes of calibration plots, the
sensitivities can be obtained for these proteins at the corresponding polymer
electrodes. The sensitivities and limits of detection are summarised in Table
4-3. The reproducibility of the responses obtained is adequate (2.2% for 10
injections).

Table 4-3: Sensitivity and limit of detection for different proteins obtained at sulph
incorporated polymer coated electrodes in a FIA system using constant potential
Sensitivity (n\l\iM) / Limit of detection (nM)
Polymer HSA BSA MYO OVA
PPy/MO - 117.0/4.8 - 120.0/15.0
PPy/BG - 20.0/17.6 - 30.0/17.7
PPy/BP - - 74.4/4.3 98.5/1.5
PPy/BBR 290.0/4.2 335.0/7.8 - 288.0/8.5
Experimental conditions as in Table 4-2.
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4.3.4 Initial investigation of the signal generation mechanism

4.3.4.1 Protein FIA responses at bare and PPy/N03 coated
electrodes
To confirm that the incorporated dye played a role in determining the

selectivity of this kind of dye incorporated polymer sensor, FIA experiments

were carried out in the absence of dye by using bare platinum electrode and
the PPV/NO3 electrode under the same experimental conditions as for
PPy/MO electrode (Figure 4-8).

Figure 4-8:
FIA responses obtained at (a)bare Pt, (b)PPy/N03 and (c)PPy/MO coated electro
for a range of proteins. The eluent used was 0.1 M sodium phosphate buffer (pH=5.0). App
potential: +1.00V. PPy/N03 was prepared in 0.2Mpyrrole and 0.1M NaN03 at the current dens
2. OmA/cm2. Other conditions as in Figure 4-5.

While responses were obtained at both electrodes, they were usually lower
in magnitude and no selectivity between proteins was observed.
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4.3.4.2

Polymer overoxidation and protein voltammetric responses

As described previously, the optimal applied potential obtained for all dy
incorporated polymer electrodes was equal to or higher than +1.00V, where
polypyrrole could be overoxidised (217-220). Using cyclic voltammetry,
the overoxidation can be observed by running the upper potential to
+1.00V. During the first scan, the overoxidation of PPy/MO occurred
around +0.90V (Figure 4-9a).
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Figure 4-9:
Cyclic voltammograms of a PPy/MO electrode obtained in 0.1 M sodium phosphat
buffer (pH=5.0) from -1.00V to +1.00V. Scan rate: 20mV/s. (a) 1st scan, (b) 5th scan. Polymer
prepared as in Figure 4-3.

This behaviour was observed for all dye incorporated polymers (Table 4-4).

Table 4-4:

The peak potential of overoxidation for dye incorporated polymers
Polymer

Overoxidation potential (V)

PPy/MO

+0.90

PPy/BG

+0.80

PPy/BP

+0.80

PPy/BBR

+0.93
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However, it w a s found that, after the overoxidation takes place, the
incorporated dyes become more electroactive in all cases. Figure 4-9b
shows the result occurred at PPy/MO electrode.

Comparing the results obtained with or without overoxidation by controlling

the upper potential (Figure 4-10), it was found that, after overoxidation, the
oxidation/reduction peaks of incorporated methyl orange became much
more prominent.

40i

1

Figure 4-10:
Cyclic voltammograms of a PPy/MO electrode obtained in 0.1 M sodium phosphate
buffer (pH=5.0)for the 5th scan. Scan range: (a) -l.OOVto +0.50V, (b) -l.OOVto +1.00V. Scan rate:
20mV/s. Polymer was prepared as in Figure 4-3.

This observation is in agreement with the effect of applied potential on
protein FIA responses. At PPy/MO electrode (Figure 4-5A), applying
potential below +0.80V generated very weak FIA responses. The responses
increased markedly as the potential was shifted towards more positive
potentials and the most sensitive responses were observed at +1.00V, where
the polymer has been overoxidised already. Although the irreversible
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overoxidation leads to decrease of the electrical conductivity (218),
overoxidised polymer can still be used for sensing purpose as described
previously (221). The improved activity of incorporated dye in the
overoxidised polymer network is presumably preferable for the protein/dye
binding interaction. It was also found that, at the overoxidised polymer
electrode, once a lower potential (< +1.00V) was applied, the more
sensitive FIA responses were obtained compared to those observed without
polymer overoxidation. However, the most sensitive responses still
appeared at +1.00V. This implies that the overoxidation is irreversible and
the protein FIA response is still potential dependent at the overoxidised
polymer electrode.

This hypothesis was confirmed using cyclic voltammetry again. It has been
observed that in the potential range of -1.00V to +0.40V used for
investigation of the electroactivity of the dye containing polymers, no
significant changes were observed in the absence or presence of proteins.
However, as the upper potential was run up to or higher than +1.00V, the
typical polymer overoxidation was observed for all dye containing polymer
electrodes (Table 4-4). Then, the protein responses at the overoxidised
polymer electrodes were considered (Figure 4-11). At overoxidised
PPy/MO electrode, HSA, MYO, CYT.C and a-LAC did not show any
distinct difference for the addition of proteins into buffer solution. While
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the case of B S A or O V A , the peaks of the incorporated dye decreased and a
distinct oxidation shoulder appeared around -0.1 OV indicating the much
stronger interaction between polymer PPy/MO and protein BSA or OVA.
This is in good agreement with the results obtained using FIA, where BSA
and OVA generated most sensitive FIA responses.
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Figure 4-11:
Cyclic voltammograms of a overoxidised PPy/MO electrode obtained for a range of
proteins, (a): in 0.1 M sodium phosphate buffer (pH=5.0), (b): in lOpM protein in buffer solution.
Scan range: -l.OOVto +1.20V. Scan rate: 20mV/s. Polymer was prepared as in Figure 4-3.
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4.3.4.3

Investigation of protein/dye interactions in solution and at

the polymer surface
The protein/dye binding interactions were confirmed in solution using
spectrophotometry. In 0.1M sodium phosphate buffer (pH=5.0), the
maximum absorbance of methyl orange was found at 463.2nm (Figure 412).
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Figure 4-12: UV-vis spectra of methyl orange and its complexes with a range of protei
methyl orange in 0.1Msodium phosphate buffer (pH=5.0), (b)WfjMHSA in (a), (c)10pM a-L
(d)10pMOVA in (a) and (e)WpMBSA in (a).

Addition of proteins into this solution resulted in the reduced absorbanc
all proteins except for CYT.C and MYO. These two proteins themselves
showed much stronger absorbances at 409nm (CYT.C) and 408.4nm

Chapter 4

103

(MYO), respectively, which surpassed the absorption of methyl orange so

that the interaction of dye with these two proteins was difficult to monitor.
For other proteins, the binding order in solution follows: BSA > OVA > aLAC > HSA and this was in agreement with protein FIA responses obtained
at the PPy/MO coated electrode. This result suggests that the interactions

between incorporated dyes and the proteins are similar to those occurring in
solutions.

Furthermore, the protein/dye interactions were also investigated at the
surface of dye incorporated polymer. To do this, PPy/MO was deposited
onto an ITO glass electrode.

At this PPy/MO coated glass (Figure 4-13a), the absorption at 437nm due to
methyl orange is similar to that observed in solution. However, the band
around 330nm should be associated with the polypyrrole backbone. The
protein/dye interaction was studied by putting the PPy/MO coated ITO glass
electrode into protein containing buffer solution. Five minutes later, the
glass electrode was removed from solution and rinsed with milli-Q water.
After dried in air, the UV-Vis spectrum was checked again. It was found
that no significant difference was observed on the spectra of incorporated
MO for all test proteins. Therefore, the effect of the polymer overoxidation
was considered again. In 0.1 M sodium phosphate buffer solution (pH=5.0),
a potential of +1.00V was applied at the PPy/MO coated glass ITO
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electrode. About 2 minutes later, the decreased current reached to a small
constant value. It was noted that, after overoxidation, the polymer
background absorption decreased substantially. The absorption of
incorporated dye shifted to 495nm and became better resolved (Figure 413b).
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Figure 4-13:
UV-vis spectra of a PPy/MO coated ITO glass electrode before (a) and after (b) the
treatment of overoxidation. PPy/MO coated glass electrode was prepared in 0.2M pyrrole and 0.005M
methyl orange at the current density of 2.0mA/cm2 for 10 seconds. Polymer overoxidation treatment
was carried out in 0.1 M sodium phosphate buffer (pH=5.0) at +1.00Vfor 2 minutes.

Protein/dye interaction was then investigated at this overoxidised polymer
electrode. The reduced absorbance was found for all proteins (Figure 4-14).
The binding order following BSA > OVA > MYO > a-LAC > HSA >
CYT.C was again obtained, which is in good agreement with the results

observed in solution and in FIA indicating that the incorporated dye did pla
a important role in determining the signal generation and that the polymer
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overoxidation is necessary to make the incorporated dye more reactive with
proteins.
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Figure 4-14:
UV-vis spectra of a overoxidised PPy/MO coated ITO glass electrode alone (a) and
interacted with (b) CYT.C, (c) HSA, (d) a-LAC, (e) MYO, (f) OVA and (g) BSA. PPy/MO was prepared
and treated as in Figure 4-13. Interaction ofpolymer coated ITO glass with protein was carried out i
the O.lmM corresponding protein in 0.1M sodium phosphate (pH=5.0) for 5 minutes.

Up to now, based on the results obtained above, it could be concluded that,
the interaction between protein and dye incorporated polymer is critical for
the signal generation. Overoxidation of the dye incorporated polymer is an
important step. After overoxidation, the polymer background decreased
substantially and the incorporated dye become more active which is crucial
for the interaction with proteins. For the signal generation mechanism, two
factors could be associated with. One is the resistance change of the
polymer surface. The other is the change of ion movement in and out the
polymer matrix. As the protein/dye binding takes place, the resistance of
the polymer layer is changed and the ion movement is hindered. Both of
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these two factors would result in the change of the baseline current in the
flow system and hence the generation of response.

4.3.5 Pulsed amperometric flow injection analysis

4.3.5.1 Effect of pulse potentials
As described previously (76, 193), the performance of conducting polymer
based sensors can be dramatically improved by applying pulsed potential
waveforms.
This investigation was initially carried out using PPy/MO electrode.
Keeping the final potential (E2) at +1.00V, where the dye-binding

interactions are encouraged as described in the work with a constant applied

potential, the effect of initial potential (Ei) was studied. The current was
sampled at the end of E2. As shown in Figure 4-15, the most sensitive
response was obtained as the initial potential of Ei = +0.80V was used. As

the potential was pulsed to more positive potentials, a less sensitive signa

was observed. Similarly, on pulsing to less positive potentials, a decreased
response was observed. Furthermore, as the potential was pulsed to the
negative range, the baseline was unstable and no response was obtained.
This observation is similar to the result observed using DC amperometry. It

again confirmed that the protein/dye binding interactions are enhanced in th
positive potential range.
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Figure 4-15: Pulsed potential hydrodynamic voltammograms of PPy/MO electrodes obtained for a
range of proteins. Eluent: 0.1M sodium phosphate buffer (pH=5.0). Flow rate: 1. Oml/min. Pu
conditions: ti=t2=120ms, E2=+1.00V, sampling time: 20ms, E, was varied according to the va
the x-axis. Other conditions as in Figure 4-5.

4.3.5.2

Calibration curves and detection limits

Finally, using the optimal potential waveform obtained above, calibration
plots for a range of proteins were obtained at PPy/MO (Figure 4-16) and
other dye incorporated electrodes for all test proteins.
The coefficient of variation for protein FIA responses was estimated as
3.1% for 10 injections. The sensitivities and limits of detection are
summarized in Table 4-5.
Again, taking a - L A C as the reference, the selectivity factors among the
proteins were calculated for each of the polymer electrodes (Table 4-6).
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Figure 4-16: Calibration plots obtained at PPy/MO coated electrode inflow injection system for
range of proteins. Pulsed conditions: t^=t2=120ms, E]=+0.80V, E2=+1.00V, sampling time=20ms.
Other conditions as in Figure 4-15.

Table 4-5:
Sensitivity and limit of detection for different proteins obtained at sulphonated d
incorporated polymer coated electrodes in a FIA system using pulsed potential waveform
Sensitivity

Polymer

(nA/|iM) / Limit of detection ( n M )

HSA

BSA

MYO

CYT.C

a-LAC

OVA

PPy/MO

38.9/8.9

60.9/2.4

32.1/7.5

29.3/10.4

24.6/15.5

25.8/5.2

PPy/BG

51.4/7.0

56.2/3.1

28.6/8.7

44.6/7.5

30.9/8.3

25.9/10.1

PPy/BP

51.3/2.4

94.2/2.2

36.5/4.6

26.6/11.3

19.7/20.1

31.6/6.9

Experimental conditions as in Figure 4-16.

Table 4-6:
Selectivity factors obtained at dye containing polymer electrodes for a range of
proteins in a FIA system using pulsed potential waveform

Selectivity factor
Polymer R^LAC/R^LAC RHSA/RO-LAC RBSA/RX-LAC RMYO/RO-LAC RCYT.C/RO-LAC ROVA/R^LAC

PPy/MO

1

1.60

2.50

1.28

1.16

1.44

PPy/BG

1

1.69

1.81

0.94

1.45

0.84

PPy/BP

1

2.64

4.75

1.85

1.35

1.60

Protein concentration : WpM

in eluent. Other conditions as in Figure 4-16.
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It should be noted that, compared with the results obtained using constant

potential, better sensitivities and detection limits can be achieved by the us
of pulsed potential waveforms. However, the selectivity differences
observed with the pulsed potential method were not so marked as those
observed with constant potential detection. This can be illustrated by
comparing the selectivity factors obtained using pulsed potential (Table 4-6)
and constant potential (Table 4-2). With constant potential applied, the
selectivity factors changed significantly for different dye containing
polymers. However, in the case of pulsed potential, most of the selectivity
factors obtained were between 1 ~ 2 for all polymers and proteins.

4.4 CONCLUSIONS
In this work, the feasibility of using sulphonated dye incorporated
conducting polymer electrodes for the detection of a range of proteins has
been demonstrated. Several sulphonated dyes previously employed in dyebinding spectrophotometry for protein detection can be easily incorporated
into polypyrrole matrix. The resultant polymers are electroactive and
mechanically stable.

Using flow injection analysis, protein responses have been obtained at these
dye incorporated polymer electrodes. The sensitivity of protein responses
was found to be enhanced greatly with polymer overoxidation, while the
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selectivity of protein responses was found to be dependent on the nature of
the applied potential, eluent pH and polymer composition. These factors
can be used to modulate selectivity towards a range of proteins.

Investigations into the signal generation mechanism showed that dye
binding interaction can take place at conducting polymer surfaces, which is
the key to determine the signal generation, response sensitivity and
selectivity series.

With constant potential applied selectivity can be obtained between a range
of proteins by varying applied potential, eluent pH and polymer
composition. While using pulsed potential waveforms, the response
sensitivity and the limit of detection can be improved for all test proteins.
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CHAPTER 5

Detection of Cytochrome c Using Fe(CN)63" Containing
Polypyrrole Electrodes
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5.1 INTRODUCTION
In recent years, investigations of electrochemical properties of redox
proteins have attracted widespread interest (141, 142) due to the
significance in obtaining important information about thermodynamic and
kinetic properties. In addition, dynamic properties, such as the binding
characteristics of proteins at specific types of electrode surfaces, and the

orientation requirements to achieve protein-electrode electron transfer, have
been of interest. Such investigations are also useful in the development of
biosensors, biofuel cells and biocatalytic processes (222, 223).
Cytochrome c is an extensively investigated redox protein owing to
availability, ease of purification, documented crystallographic structure
(224), high degree of physicochemical characterisation (225) and
physiological importance (226). Cytochrome c is a well known
hemeprotein consisting of a single polypetide chain located in the
mitochondrial intermembrane aqueous space. Its structure has been
determined in a great number of species including man (227, 228). The
physiological role involves shuttling electrons from complex II (co-enzyme
QH2-cytochrome c reductase) to complex IV (cytochrome c oxidase) of the
respiratory chain (226).
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It has been demonstrated that cytochrome c does not undergo well-defined
electron transfer processes at most conventional electrodes (141, 142). It
has been suggested that the redox proteins are imbedded in polypeptide
chains and since they are " buried ", electron transfer between the electrode
and the redox groups is prohibited. To facilitate electron transfer, two
approaches have been investigated. One involves use of electrodes
modified with promotors such as, bis(4-pyridyl)disulphide (229, 230), 4,4'bipyridine, 1,2-(4-pyridinyl)-ethylene and cysteine (141, 144, 231).
Generally, the effective promotor molecules have two functional groups,
i.e., X~Y, where X is the surface active functional group which interacts
with the surface of the metal electrode to give quasi - irreversible
adsorption, Y is the protein interactive functional group which can bind to
proteins (142). Unlike mediators, promotors do not undergo redox reactions
at electrode surfaces. However, by the aid of the binding to cytochrome c
with their interactive functional groups, promotors can provide a preferred
orientation that brings the heme group of cytochrome c close to the
electrode surface to enable rapid electron transfer. In contrast to promotors,
the other electrode modification approach involves incorporation of an
electron transfer mediator. By incorporating proven solution-phase
mediators onto the electrode surface a mediator modified electrode can be
obtained. With the electrocatalytic effects of the immobilised mediator, the
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overpotential of substrate is reduced and the electron transfer between
electrode surface and substrate can be facilitated (232). The target protein
then displays redox reactions at the electrode surface even without the
addition of the mediator into the protein containing solution (233). Using
such mediator-modified electrodes, reversible or quasi-reversible oxidation /
reduction of cytochrome c has been obtained. For example, viologenmodified silicon and glassy carbon electrode show electrocatalytic
responses toward cytochrome c (234, 235).
The use of conducting polymer based sensors for the detection of proteins
has attracted much attention. Antibody containing conducting polymers
have been shown to be useful for the development of protein sensors (125128). Due to the specific immunological interactions, this kind of sensors
possesses excellent selectivity. On the other hand, the use of nonbiocomponent containing conducting polymers for the detection of proteins
has also been addressed. Cooper et al. (145) described the first direct
electronic communication between cytochrome c and the electrochemically
polymerised poly (3-methyl-4-pyrrole-carboxylic acid) (MPC). Cytochrome
c displays well-defined redox interactions at this polymer electrode. By
comparing the results obtained at uncoated electrodes, unsubstituted
polypyrrole and poly (MPC-Et) (Et = ethyl ester), the authors demonstrated
that the carboxylic acid group is the important functional group required to
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orient the protein and enable electron transfer (144). In this case, the
carboxylic acid containing polymer presumably acts as the promotor.

The specific objective of this work is to develop a mediator-incorporated
conducting polymer electrode. The mediator used was ferricyanide.
Ferricyanide has been frequently used as the titrant in the determination of

oxidation/reduction potentials of redox proteins due to its interactions with
these proteins (236-238). The choice of ferricyanide as a mediator for
cytochrome c is based on its promising formal potential. The formal
potential is 0.358V vs. NHE for ferricyanide (239) and 0.254V vs. NHE for
cytochrome c (240). It is suggested (241-243) that, for a promising
mediator, the formal potential should be close to that of the biocomponent
investigated. The assumption has been made that the mediator is effective
between the ratio of oxidised/reduced species of 100/1: 1/100. By means of
the Nernst equation, it can be deduced that the formal potential of the
mediator of n=l should be within ±118 mV of the biocomponent (241).

Based on this suggestion, ferricyanide could be used as mediator to facilitat
the electron transfer of cytochrome c at the electrode surface.
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5.1.1 Aims and approach

The incorporation of ferricyanide into polypyrrole was carried out
galvanostatically. The resulting polymer was characterised using
chronopotentiometry and cyclic voltammetry.

The response of cytochrome c at this polymer coated electrode was

investigated using cyclic voltammetry. To optimise the response, p
thickness, buffer solution pH and electrochemical conditions such

rate were investigated. The electrocatalysis of immobilised ferric

cytochrome c was confirmed by comparing the results observed at ba
and PPy/N03 coated electrodes.

Finally, the analytical utility of this mediator incorporated poly
was studied using amperometry with flow injection analysis.

5.2 EXPERIMENTAL

5.2.1 Reagents and standard solutions

All reagents were AR grade unless otherwise stated. Pyrrole was ob

from MERCK and was distilled prior to use. All solutions were prep

using deionised Milli-Q water (18 MQ Cm). Cytochrome c (from horse

heart) was obtained from SIGMA and used without further purificati
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Buffer solutions with different pH values were obtained by mixing 0.1
KH2PO4and0.1MKOH.
5.2.2 Instrumentation

The mediator-incorporated polypyrrole electrode was prepared
galvanostatically using a Princeton Applied Research Potentiostat
/Galvanostat model 363 (PAR-363). Chronopotentiogram was recorded
using an ADI MacLab interfaced with a Macintosh computer. Cyclic
voltammetry was performed using an ADI ElectroLab interfaced with a

Macintosh computer. A three electrode system was employed for the cyc

voltammetry and consisted of a 0.018 cm2 platinum disc working electro

a platinum gauze auxiliary electrode and a Ag/AgCI (3MNaCl) reference
electrode. The solution pH was determined using an ORION pH meter
model SA520.

Flow injection analysis was carried out using a DIONEX liquid
chromatographic model LCM-3. A 20 ul sample loop was used. A thinlayer amperometric cell (supplied by DIONEX) was employed. Detection
was achieved using a DIONEX pulsed electrochemical detector (PED-

Model ED40). The current output was recorded with a strip chart record
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5.2.3 Preparation of PPy/Fe(CN)6 electrodes

The working electrode was polished on a cloth with 0.1 urn alumina an
then ultrasonicated prior to use. The polymer electrode containing mediator
was prepared galvanostatically from a solution containing pyrrole monomer
(0.2M) and ferricyanide (0.1M). The polymerisation solution was buffered
at p H 6.8 with potassium phosphate (deoxygenated for lOmin).

Such

polymerisation conditions have been recommended by other workers
2

previously (244). A current density of 3.0 mA/cm was employed.
5.3 RESULTS AND DISCUSSION

5.3.1 Incorporation of Fe(CN)63" and characterisation of the resulting
polymer
The polypyrrole-ferricyanide (PPy/Fe(CN)6) coated electrode was prepared
electrochemically according to the following reaction:

+[Fe,cN) e]3 (5_i)

(^y + [Fe{cN, /• ^^f^v jJ(3>l
H

"

H

"

(n = 2-4)

As shown in the chronopotentiogram recorded during electropolymerisa
(Figure 5-1), the potential throughout the polymerisation was constant
around +0.85V indicating the formation of a conductive polymer at the
electrode surface.
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T
0.4 V

1

Figure 5-1:

1 min

Chronopotentiogram recorded during the electropolymerisation of PPy/Fe(CN) 6 at a

Pt disc electrode. Current density: 3.0 mA/cm2. Polymerisation solution: 0.2 M pyrrole and 0.1 M
KsFe(CN)6 buffered atpH6.8 with 0.1M potassium phosphate.

After polymerisation, the cyclic voltammograms were recorded in the
potassium phosphate buffer solution (Figure 5-2).
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Figure 5-2: Cyclic voltammograms obtained at a PPy/Fe(CN)6 coated Pt disc electrode in 0.1M
potassium phosphate buffer solution (pH=10.0). Scan rate: 20mV/s. (a) 1st scan, (b) 20th scan.
Polymerisation solution: 0.2 Mpyrrole and 0.1 MK3Fe(CN)6
buffered at pH 6.8 with 0.1M potassium
phosphate. Current density: 3.0 mA/cm2. Charge density: 200mC/cm2.

A reversible response due to the oxidation/reduction of the incorporated
ferricyanide was observed (AEp = 5 5 m V , ipa/ipC = 1.1). This suggests that
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3.

Fe(CN) 6

had

been

incorporated

into the polymer

matrix

and

electrochemical reversibility was retained in the conducting polymer
network as reported previously (245). The large background current (Figure
5-2a) is associated with the oxidation/reduction of polymer (246). After 20
successive potential scans on the same electrode, the ferricyanide redox
responses were still constant. However, a decrease in the polymer
background current was observed. This is presumably due to the gradual
irreversible oxidation of polymer film during the successive scans (140). It
3- 4-

has been reported (245) that the mobility of the Fe(CN) 6 /Fe(CN) 6 ions in
the conducting polymer matrix is slow and therefore ion exchange between
these counterions and the anions in the supporting electrolyte is rninimal.
The charge neutralisation process will then be dominated by the cation
incorporation/expulsion reactions. This mediator containing polymer was
mechanically stable. The polymer film did not strip off the substrate
electrode and the redox peaks were unchanged even after 20 successive
scans.

5.3.2 Cyclic voltammetry of cytochrome c at the PPy/Fe(CN)6
electrode
Cyclic voltammograms in cytochrome c containing solutions were recorded
using the polymer/mediator electrode (Figure 5-3). The cyclic
voltammograms show that no new peaks appeared in the presence of
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cytochrome c, but an increase in the magnitude of the peak for oxidation of
ferrocyanide was observed and the reduction response became more
defined. It was found that the peak heights were dependent on the
cytochrome c concentration in the solution. Presumably the
ferri/ferrocyanide ions in the polymer matrix act as a mediator to enable
electron transfer between the electrode and the heme group of cytochrome
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Figure 5-3:
Cyclic voltammograms obtained using a PPy/Fe(CN)6 coated Pt disc electrode.
Voltammograms recorded in (a) 0.1M potassium phosphate buffer solution (pH=10.0), (b) O.lmM
cytochrome c in buffer (pH=10.0) and (c) 0.2mMcytochrome c in buffer (pH=10.0). Other conditions
as in Figure 5-2.
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The cyclic voltammetric responses of cytochrome c at a bare platinum and a
simple anion incorporated polymer PP/N03 coated electrode were
investigated (Figure 5-4).
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Figure 5-4: Cyclic voltammograms obtained at (a)bare Pt electrode and (b)PPy/N03 coated
electrode in 0.1 mM cytochrome c in 0.1Mpotassium phosphate buffer solution (pH=10.0). PPy/N03
was prepared in 0.2Mpyrrole and 0.1M KN03 at the current density of 3.0mA/cm2. Charge density
during polymerisation: 200mC/cm2. Other conditions as in Figure 5-3.

No voltammetric responses for cytochrome c were obtained using the
electrodes with no mediator incorporated. This has also been pointed out by
other authors (141, 142).

The effects of buffer solution pH, scan rate and polymer thickness on the
responses obtained at PPy/Fe(CN)6 coated electrodes were then

investigated. In all cases, anodic and cathodic responses were influenced by
these factors. However, since the anodic response was more sensitive than
the cathodic response, it was chosen for further study. The responses
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obtained are defined as the difference of the peak heights observed in the
absence and presence of cytochrome c.

5.3.2.1 Effect of solution pH

Solution pH was expected to have an effect on the electroactivity of the
protein at the mediator containing electrode. Hence, cyclic voltammetry

was considered in solutions with different pH. The effect of buffer solution
pH on the anodic response of cytochrome c obtained at +0.20V is shown in
Figure 5-5.
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Figure 5-5: Effect of solution pH on the anodic response obtained for cytochrome c at a
coated Pt disc electrode in 0. ImM cytochrome c in 0.1M potassium phosphate buffer. Other c
as in Figure 5-3.

An increase of anodic response up to pH=10 was observed, beyond this pH
value the response decreases. The maximum response was obtained when

the solution pH value was close to the isoelectric point of cytochrome c (pi
= 9.0). This may be due to the fact that the reduced-positive charge of the
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protein minimises the electrostatic repulsion with the positively charged
polypyrrole backbone (140). The reduced-positive or negative charged
protein can be attracted to the electrode surface and then electrocatalysed
enable the electron transfer. When solutions of pH > 10 were used the
magnitude of all response decreased, presumably due to the rapid
deterioration of the polymer conductivity at high solution pH (114).
5.3.2.2 Effect of potential scan rate

The effect of the potential scan rate on the voltammetric responses obtained
for cytochrome c was investigated (Table 5-1).
Table 5-1:
Effect ofpotential scan rate on the peak current of PPy/Fe(CN)6 and the responses
for cytochrome c
Peak current in the absence of Peak current in the presence Responses
Scan rate
0.1 m M cytochrome c GiA)
of 0.1 m M cytochrome c
(uA)
(mV/s)
'pa ' 'pc

OiA)
Aipa / Aipc

•pa ' *pc

10

1.7/0

3.8/1.8

2.1/1.8

20

8.0 / 2.7

20.7 / 6.2

12.7/3.5

50

25.9/10.3

29.8 / 12.0

3.9/1.7

100

32.1/16.6

33.7/16.9

1.6/0.3

Experimental conditions as in Figure 5-3.

It was found that, at a slow scan rate of 10 mV/s, the response due to
reduction of the incorporated Fe(CN)6" was not well defined (ipc = 0)
presumably due to the relatively higher polymer background current. With
the addition of cytochrome c into the solution, this cathodic peak increased
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(ipc = 1.8 u A ) . Thus, a small cathodic response of Aipc = 1.8 u A was
obtained. With increasing scan rate, increased currents were observed for

both anodic (ipa) and cathodic (ipc) responses in the absence or presence of
cytochrome c. However, the most sensitive responses (Aipa and Aipc) for
cytochrome c were obtained using an intermediate scan rate of 20 mV/s. At
higher scan rates the decreased response observed was presumably due to

the limitation of the rate of electron transfer between mediator and protein
In addition, it was also noticed that the anodic response (Aipa) was more
sensitive than the cathodic response (Aipc) in all cases.
5.3.2.3

Effect of polymer thickness

The effect of the polymer thickness (charge passed during polymerisation)
on the voltammetric responses of the cytochrome c was then considered
(Figure 5-6).
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Figure 5-6:
Effect of polymer thickness (charge density passed during polymerisation) on the
anodic response obtained for cytochrome c at a PPy/Fe(CN)6 coated Pt disc electrode in 0. ImM
cytochrome c in 0.1Mpotassium phosphate buffer. Other conditions as in Figure 5-3.
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A s the charge density used during the polymerisation was increased the
response initially increased and then decreased. The maximum response
was obtained when a charge density of 200mC/cm2 was used to prepare the
polymer. With increasing charge density, a thicker polymer and therefore a
greater amount of mediator was deposited, presumably ensuring effective
mediation. However, the resistance for the polymer also increased with
thickness eventually resulting in a decrease of protein response.
Using the optimal conditions of solution pH, scan rate and polymer
thickness, the stability of the electrode were investigated (Figure 5-7).
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Figure 5-7: Effect of the successive scans of a PPy/Fe(CN)fi coated Pt disc electrode on the
anodic response of 0.1 mM cytochrome c in 0.1 M potassium phosphate buffer (pH=10.0). Other
conditions as in Figure 5-3.

After polymerisation, a mediator-incorporated electrode was scanned in a
cytochrome c containing solution. The anodic response increased during the
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initial five potential scans and then became constant indicating good
stability. A stable response was obtained after five scans.

The reproducibility of the electrode was investigated using the conditions
optimised above. A relative standard deviation of 5.3% for the anodic
response of cytochrome c was obtained (Table 5-2).

Table 5-2: Reproducibility of the anodic response of a PPy/Fe(CN)fi coated Pt disc ele
obtained in 0. ImM cytochrome c in 0.1M potassium phosphate buffer (pH=10.0)
Relative
Experimental
number

Anodic response
(Aipa, ixA)

Average

Standard
deviation

standard
deviation

(S)

(S/X)

(X)

1 10.72
2 11.15

3 10.93 10.94 0.50 5.3%

4 11.20

5 10.68

Experimental conditions as in Figure 5-3.

5.3.3 Flow injection analysis (FIA)

The electrode described above was finally tested for use in a flow injection
system. The cytochrome c response using FIA system was recorded with

application of a constant potential of+0.20 V. This potential corresponds to
the peak potential of the voltammetric response obtained for cytochrome c
at a PPy/Fe(CN)6 electrode in the stationary cell experiment. At this
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potential Fe(CN) 6 4 " is present and this mediates the oxidation of cytochrome
c.
It should be noted (Figure 5-8) that the peaks exhibited tailing. This m a y be
due to the somewhat slow desorption of cytochrome c from the electrode
surface.
T
100 nA

±
lc)
(b)
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Figure 5-8:

™5§

w

Typical FIA responses obtained using a PPy/Fe(CN)6 coated electrode. Eluent: 0.1M

potassium phosphate buffer solution (pH=l0.0). Flow rate: l.Oml/min. Applied potential: +0.20V.
Cytochrome c concentration: (a)12.5pM, (b)25/jM and (c)50pM. Polymer was prepared as in Figure
5-2.
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Figure 5-9:
Calibration plot obtained at a PPy/Fe(CN)6
system. Conditions as in Figure 5-8.

coated electrode in a flow injection
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The calibration plot of cytochrome c shows that when the concentration of
the cytochrome c was less than 25 uM, a linear FIA response (FIA peak
height) varying with concentration was obtained (Figure 5-9).

The limit of detection was estimated to be 0.1 uM. A reproducibility (r.s.d.
of 4.9% (for 15 injections) was obtained.

5.4 CONCLUSIONS

The feasibility of using a mediator containing conducting polymer electrodes
for the detection of the redox protein cytochrome c has been demonstrated.

By incorporation of the electrocatalytical function of the mediator into the
conducting polymer matrix, a mechanically stable mediator containing
electrode has been obtained. A sensitive, reproducible response for the
detection of cytochrome c was obtained. The best voltammetric response
was produced by optimising solution pH, scan rate and polymer thickness.
The electrochemical mediation provided by the PPy/Fe(CN)6 coated
electrode was confirmed by comparing the results observed at bare and
PP/N03 coated electrodes.

The electrocatalytical process between cytochrome c and the incorporated
mediator occurring at the conducting polymer coated electrode surface is
illustrated in Figure 5-10.

Chapter 5

130

Substrate electrode

e
Fe(CN)

6

Cyt. C (Red)

Fe(CN)

4-

Mediator-incorporated
conducting polymer

6

Cyt. C (Ox)

Testing solution

Figure 5-10:
The schematic diagram of the electrocatalytical mechanism of a
electrode to cytochrome c.

PPy/Fe(CN)6

With flow injection analysis, the practical utility of this mediator contain
electrode has been studied. The linear relationship was obtained as the
concentrations of cytochrome c below 25 uM. A limit of detection of
0.1 u M was estimated.
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CHAPTER 6

Study of Polypyrrole / Prussian Blue Composite Film
Modified Electrodes and Their Application For The
Detection of Cytochrome c
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6.1 INTRODUCTION
During the last fifteen years electrodes modified chemically using inorganic
compounds have attracted much interest (247). Prussian Blue (PB) is the
most extensively studied of these due to the fact that its electrochemistry
and electrocatalytic effects are well understood and the modifying layer is,
in most environments, extremely stable (248-250). PB has been used to
catalyse the reduction or oxidation of C02 (251, 252), hydrazine (253), 02
(254) and H202 (255-258). The latter has proven useful for the design of
enzyme immobilised glucose sensors. Glucose oxidase immobilised sensors
suffer from interference due to the presence of easily oxidised molecules in
physiological samples such as uric acid, ascorbic acid and acetaminophen
(259). The electrocatalytic nature of PB lowers the overpotential of H^
so that a relatively low monitoring potential can be applied and this helps
prevent interferences.

Combination of the inorganic PB film with another organic conducting
polymer has resulted in improved sensor performance for the composite
films (251, 252, 260-264). The polymer layer can be an ionic conductor
such as Nation or an electronic conductor such as polypyrrole or
polyaniline. In the case of Nafion/PB coatings, the outer conducting
polymer layer allows the transport of counterions from the solution to the
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inner PB film, necessary during the reduction and oxidation processes to
maintain film electroneutrality (263). In addition, this Nation film can
prevent the penetration of larger negatively charged molecules (e.g.,
ascorbic acid and uric acid), and this has been used to achieve enhanced
selectivity with PB based glucose biosensors (255-258). In the case of
polyaniline/PB coatings, the inner PB film was used to encourage the
electrocatalytic effects observed for polyaniline to detect C02 (251, 252).

However, as far as we know, the application of PB modified electrode for
the direct electrochemical detection of proteins has not been addressed.

6.1.1 Aims and approach
In the work of this chapter, the use of PB alone or in combination with
conducting polymers for the detection of the redox protein cytochrome c
was investigated.

The PB coated electrode was prepared potentiostatically. The
characterisation of the resulting PB film was carried out using
chronoamperometry and cyclic voltammetry. The influence of supporting
electrolyte cation on PB oxidation/reduction was investigated.

For the preparation of polypyrrole/PB composite film, two approaches were
studied. One involved deposition of the PB on the substrate glassy carbon
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(GC) electrode first, followed by coating with polypyrrole (GC/PB/PPy).
The other involved growth of polypyrrole first, then PB was deposited onto
this polymer surface (GC/PPy/PB). The conducting polymer (PPy/Cl) layer
was prepared galvanostatically. It has been confirmed that ferricyanide
reduction, which is responsible for PB electrodeposition, occurs readily on
the surface of polypyrrole. Thus, in principle, there are no limits to PB
electrodeposition onto the surface of polypyrrole (260).
The voltammetric responses of cytochrome c at PB coated electrode and
PB/conducting polymer composite film electrodes were investigated and
compared. The effect of the thickness of these two film coatings and buffer
solution pH were investigated. The electrocatalysis of PB to cytochrome c
was confirmed with bare GC and simple counterion incorporated polymer
PPy/Cl electrodes or by involving other proteins as analytes.

The analytical utility of the PB/conducting polymer composite film coated
electrodes was studied using flow injection analysis. The effect of applied
potential was optimised. Finally, using the best conditions obtained from
these experiments, a calibration curve was obtained for cytochrome c.
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6.2 EXPERIMENTAL

6.2.1 Reagents and standard solutions

All reagents were AR grade unless otherwise stated. Pyrrole was o

from MERCK and was distilled prior to use. All solutions were pre

using deionised Milli-Q water (18 MQ Cm). Proteins were purchased

SIGMA and used without further purification. 0.1M KCI with 20mM tr

HC1 buffer solution was used as supporting electrolyte and eluent.
6.2.2 Instrumentation

Conducting polymer film and PB film were prepared galvanostatical

potentiostatically using a Princeton Applied Research Galvanostat
/Potentiostat Model 363 (PAR-363). Chronopotentiogram and

chronoamperogram were recorded using an Analog Digital Instrument
(ADI) MacLab interfaced with an Apple Macintosh computer. Cyclic

voltammetry was performed using an ADI ElectroLab interfaced with

Apple Macintosh computer. A three electrode system was employed fo
2

cyclic voltammetry. This consisted of a 0.0705 cm glassy carbon (GC)

working electrode, a platinum gauze auxiliary electrode and a Ag/A
NaCl) reference electrode. An ORION pH meter Model SA520 was used
to adjust solution pH.
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Flow injection analysis (FIA) was performed using a DIONEX liquid
chromatograph Model LCM-3. A 20 ul sample loop was used. A thin layer
2

amperometric cell with glassy carbon working electrode (0.0705 c m )
supplied by Dionex was employed throughout all experiments and
controlled by the DIONEX pulsed amperometric detector (PED-Model ED
40). The output current was recorded with a strip chart recorder.

6.2.3 Preparation of polypyrrole / Prussian Blue coated electrodes

In all cases, the working electrode was polished on a polishing cloth with
0.1 um alumina and then ultrasonicated prior to use. Electrodeposition of
PB was achieved potentiostatically by applying a constant potential of
+0.40 V at the working electrode in an initial solution containing 1.0 mM
K3Fe(CN)6, 1.0 mM FeCl3, 0.95 M KCI and 3.2 mM HC1.

For the preparation of polypyrrole/PB composite film coated electrode, tw
approaches were investigated. In the case of GC/PB/PPy, PB was
deposited on the substrate electrode first, then an outer polypyrrole was
grown onto the PB coated electrode. For GC/PPy/PB, an inner polypyrrole
layer was deposited onto the substrate glassy carbon electrode before the
deposition of prussian blue. The conducting polymer coating was prepared

galvanostatically in 0.1 M KCI and 0.2M pyrrole using a current density of
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2

2.0 mA/cm . The polymerisation solution was deoxygenated for 10 minutes
prior to use.

6.3 RESULTS AND DISCUSSION

6.3.1 Electrochemical behaviour of Prussian Blue coated electrode

Initial investigations were carried out using the PB coated electrod
macro molecule containing iron atoms and —C=N: groups, PB has been

extensively studied previously (265). The structure of PB (266) is sh
Figure 6-1.

OFem

SFe11

O

K

Figure 6-1: The structure of prussian blue (PB)

X-ray analysis has shown (266) that the iron atoms in this substanc

arranged on two interpenetrating face-centred cubic lattices. Each p
iron atoms is considered to be linked by a —C=N: group thus,
+

F e — C = N — F e , so that C N groups are situated along all the cube edges in
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the structure. The number of iron atoms in unit cell is 8/8, and the number
of CN groups is 12/4; these numbers correspond to the composition
Fe2(CN)6. The potassium ions are situated at the centres of alternate cubes.
In this work, P B was electrochemically deposited at the electrode surface as
detailed in the experimental section. Using cyclic voltammetry, two
responses were obtained at the resulting PB coated electrode (Figure 6-2).
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Figure 6-2:
Cyclic voltammogram ofGC/PB electrode obtained in 0.1M KCI with 20mM tris-HCl
buffer solution (pH=6.80). Scan rate: 20mV/s. PB film was prepared potentiostatically at + 0.40Vfor
10 seconds in the initial solution containing l.OmM K^e^.N)^ l.OmM FeCl3, 0.95MKCI and 3.2mM

HCl.

It is well known (267) that the redox process of PB involves the transport o
cation/anion into and out of the PB film according to:

Fe 4 ffl [Fe n (CN) 6 ] 3 + 4e + 4K + ± 2 J ^
m ri?JI
Fe 4ffl
[Fe u (CN) 6 ] 3 - 3e +3A"

+0.9V

^ F e 4 n [ Fe11 (CN) 6 ] 3
vcJR
F^.in [Fe"
(CN) 6 A' ] 3

where A " represents the anion of the supporting electrolyte used.

.(6-1)
.(6-2)
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The first pair of peaks around +0.2V result from the reduction/oxidation of
^-4-/04-

high spin Fe

, While the other couple around +0.9V corresponds to the

3-/4-

redox reactions of low spin Fe(CN) 6

(267).

To maintain the charge balance, the redox process observed at +0.2V, is
accompanied by the incorporation of cations from the electrolyte solution.
The hydrated ionic radii of some common cations are shown in Table 6-1
(268). During the PB oxidation/reduction process, some cations with
smaller hydrated radii (e.g., K+, Rb+ and NH4 ) can freely penetrate the PB
+ + 2+

film while others (e.g., Li , N a and B a ) can not (269).

Table 6-1: The hydrated ion radii rt, for some ions
o o

Ion rh(A) ion rh (A)
Li+ 2.37 Cs+ 1.19
Na+ 1.83 NH/ 1.25
K+ 1.25 Ba2+ 2.88
Rb+ 1.18 TEA+ 2.81
TEA(P): tetraethyl ammonium (perchlorate)

In this work, 20mM tris-HCl buffer solution (pH=6.80) containing 0.1M

KCI was used as supporting electrolyte. In this solution, responses obtaine
at a PB coated electrode were observed clearly. Without addition of KCI,
PB did not display the well-defined redox responses. The PB film was
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stable in the supporting electrolyte employed.

Cyclic voltammograms

obtained were essentially identical over 30 cycles.
6.3.2 Preparation of polypyrrole/Prussian Blue composite film
electrodes
In the case of GC/PB/PPy, P B was deposited onto glassy carbon ( G C )
electrode first, followed by coating with PPy/Cl. As a comparison, PPy/Cl
was also deposited on the bare GC electrode. Chronopotentiograms during
polymer deposition were recorded as shown in Figure 6-3.
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Figure 6-3: Chronopotentiograms obtained in 0.2M pyrrole with 0.1M KCI at (a) GC subs
electrode and (b) GC/PB electrode respectively. Current density: 2.0mA/cm2. PBfilmwas
as in Figure 6-2.
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The constant potentials observed during growth, +0.60V for G C / P P y and
+0.55V for GC/PB/PPy obtained show that polypyrrole is readily deposited
onto either bare or PB coated electrodes. The lower potential observed at
GC/PB/PPy suggests that the deposition of polypyrrole at PB electrode is
facilitated and/or the polymer deposited is more conductive.
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Figure 6-4: Chronoamperograms obtained in PB initial solution at (a) GC elect
PPy/Cl electrode at the potential of +0.40V. PPy/Clfilmwas prepared galvanostatic
current density of 2.0mA/cm2 in 0.2M pyrrole with 0.1M KCI for 10 seconds. PB initia
l.OmMK3Fe(CN)6, l.OmMFeCl3, 0.95MKCI and 3.2mMHCl.

The other method for the preparation of polypyrrole/PB composite film
involves predepositing the conducting polymer. Polypyrrole was coated on
to the G C substrate, then P B was deposited. A s shown in Figure 6-4, the
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growth of PB at the polymer coated GC electrode produced a much larger
current during deposition than that observed at bare G C .

The limiting

currents during P B deposition were 8.0uA for G C / P B and 105.0uA for
GC/PPy/PB respectively.

This implies that polypyrrole facilitated PB deposition. The increased
current is presumably due to the porous polymer surface providing a larger
electrode surface area.

6.3.3 Characterisation of polypyrrole / Prussian Blue composite film
electrodes
For the GC/PB/PPy electrode, typical broad oxidation/reduction responses
for conducting polymer are evident in the cyclic voltammogram (Figure 65b). However, with an outer layer of polypyrrole, the redox activity of the
P B film was hindered. The polymer layer reduces the partitioning of cations
from electrolyte solution into the P B film. Consequently, the redox
processes normally observed for P B are diminished. O n the other hand, this
also confirms that the penetration of cations into P B film is critically
important for the maintenance of the charge balance and electroactivity of
the P B film (267).

Compared with GC/PB (Figure 6-5a), it was found that the background
currents observed with cyclic voltammetry w h e n using GC/PPy/PB
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increased due to the inner layer of conducting polymer (Figure 6-5c).
However, the electroactivity of PB was also markedly enhanced using this
polymer structure.
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Figure 6-5:
Cyclic voltammograms obtained in 0.1M KCI with 20mM tris-HCl buffer solution
(pH=6.80) at (a) GC/PB electrode, (b) GC/PB/PPy electrode and (c) GC/PPy/PB electrode
respectively. Scan rate: 20mV/s. PPy layer was prepared as in Figure 6-4. PBfilm was prepared as in
Figure 6-2.

Comparing the PB reduction current at GC/PB, GC/PB/PPy and
GC/PPy/PB (Table 6-2), it is noted that the conducting polymer layer has a
dramatic effect on the PB redox process.

Table 6-2:

PB reduction peak and cytochrome c voltammetric response at a range of electrodes
P B reduction peak

Cytochrome c response

Electrode
irp and E c p

(HA)

GC/PB

-6.4 li^A (0.168V)

-0.24

GC/PB/PPy

-0.57iiA (0.151V)

0

GC/PPy/PB

-31.96^A (0.162V)

-5.55

PB film was prepared as in Figure 6-2. PPy layer was prepared as in Figure 6-4. Cytochrome c
voltammetric responses were recorded in 0. ImM cytochrome c in 0.1M KCI with 20mM tris-HCl buffer
solution (pH=6.80). Scan rate: 20mV/s.
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Coating polymer layer onto the top of P B film results in a decrease of P B
electroactivity. This is believed to be due to the screen of outer polymer
layer preventing the penetration of cations from solution into the inner PB
film. While depositing the polymer layer first leads to a marked
enhancement of the electroactivity of the coated PB film. It is interesting to
compare this result with the larger current response observed during the
electrodeposition of PB film onto polymer surface (Figure 6-4b). It again
confirms that the polymer structure allows more PB deposition and then
facilitates its electron transfer with the electrode surface.

Furthermore, in the case of GC/PPy/PB, increasing the thickness of the
conducting polymer layer, the typical incorporation/expulsion of counterions
into/from conducting polymer and the oxidation/reduction of PB were
observed more clearly (Figure 6-6).
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Figure 6-6:
Cyclic voltammograms obtained in 0.1M KCI with 20mM tris-HCl buffer solut
(pH=6.80) at (a) GC/PPy electrode and (b) GC/PPy/PB electrode. Scan rate: 20mV/s. PB was
prepared as in Figure 6-2. PPy/Cl was prepared as in Figure 6-4, polymerisation time: 60 seconds.
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6.3.4 Cyclic voltammetric responses of cytochrome c
Subsequently, the voltammetry of cytochrome c was investigated at PB
modified electrodes, polypyrrole / PB composite film coated electrodes,
bare GC electrode and PPy/Cl coated electrode.

6.3.4.1 At Prussian Blue modified electrodes
Since the formal potential of cytochrome c is +0.254V vs NHE (240) i.e.
+0.032V vs Ag/AgCI, a potential range covering -0.1V to +0.4V

corresponding to the first couple of redox process of PB (Equation 6-1) wa
investigated. With the addition of cytochrome c into the supporting
electrolyte, both the reduction and oxidation peaks of PB decreased and
additional responses appeared at +0.05V and +0.1 OV respectively (Figure
6-7). The decrease in PB responses may be due to adsorption of protein at

the PB surface resulting in a decrease of cation partitioning into the fil
This was confirmed when other proteins HSA, BSA, a-LAC, OVA and
MYO were added to the solution. In the presence of these proteins, the
decreased PB redox peaks were obtained, while no new peaks were
observed.
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Figure 6-7: Cyclic voltammograms of GC/PB electrode obtained in (a) 0.1M KCI with 20mM trisHCl buffer solution (pH=6.80) and (b) 0. ImM cytochrome c in buffer respectively. Other condition
in Figure 6-2.

To optimise the thickness of the PB film, the effect of electrodeposition ti
used for PB preparation was investigated. It was found that with longer
deposition times the magnitude of the redox peaks for PB increased.
However, the cytochrome c response decreased with thicker PB films. With
thinner films the response for cytochrome c decreased with time due to
degradation of the PB coating. The best electrodeposition time was found
to be 10 seconds.

6.3.4.2 At polypyrrole/Prussian Blue composite film electrodes effect of polymer thickness and buffer solution pH
Employing this optimum time for PB deposition, the composite film was
produced by introducing another conducting polymer PPy/Cl before

Chapter 6

147

(GC/PPy/PB) or after (GC/PB/PPy) the deposition of PB. The voltammetric
response of cytochrome c was studied at the composite electrodes.

With the GC/PB/PPy electrode, the addition of cytochrome c into the buffer
solution had no effect. Response to cytochrome c observed previously at
GC/PB electrode disappeared as another polymer was deposited onto PB
film. This is due to the outer polymer layer decreasing the penetration of
cation into the PB film and resulting in the decrease of the electroactivity
this film. In addition, the polymer layer prevents the inner PB film from
having direct contact with protein and negates the electrocatalytic effect.
In contrast, in the case of the GC/PPy/PB electrode (Figure 6-8),
cytochrome c responses obtained were much larger than those observed at
the GC/PB electrode.
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Figure 6-8: Cyclic voltammograms obtained at GC/PPy/PB electrode in (a) 0.1M KCI with 20mM
tris-HCl buffer solution (pH=6.80) and (b) 0.1 mM cytochrome c in buffer respectively. Scan ra
20mV/s. PPy film was prepared as in Figure 6-4. PBfilm was prepared as in Figure 6-2.
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Comparing cytochrome c responses at PB alone and PB/conducting polymer
composite film coated electrodes (Table 6-2), it again confirms that the
inner conducting polymer layer can facilitate the PB redox process and then
enhance its electrocatalytic effects to cytochrome c.

To optimise the conditions, the effect of polypyrrole thickness has been
investigated (Figure 6-9). Polymer thickness was estimated by assuming
2

that 2 4 m C / c m

gives films of thickness of 0.1 u m (30). The best

polymerisation time for the polymer layer was found to be 10 seconds
corresponding to a thickness of 0.08um. With thicker layers the
cytochrome c response decreased. This is probably due to the increased
polymer resistance and background. On the other hand, with thinner layers,
the electrocatalytic effect decreased and a less sensitive response was
observed.
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Figure 6-9:
Effect of the thickness of PPy/Cl layer on cytochrome c response at GC/PPy/PB
electrode. Other conditions as in Figure 6-8.
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The effect of supporting electrolyte pH shows that the optimal response was
obtained in neutral solution (Figure 6-10). This effect could be explained by
two factors: the charged state of cytochrome c and the stability of PB film.
It has been shown that, during a cathodic scan, cytochrome c can be
catalysed to generate a reduction response at either GC/PB (Figure 6-7) or
GC/PPy/PB (Figure 6-8) electrode. Therefore, the positive charge of
cytochrome c would help its attraction to the electrode surface. Thus, an
appropriate solution pH lower than the isoelectric point of 9.0 is needed.
However, at pH < 7.0, the stronger protein absorption could reduce the
penetration of cations from solution into PB film and then lower the
electroactivity of PB film resulting in a poor response for cytochrome c. At
higher solution pH (>7.0), the insensitive response could be due to the
decreased positive charge or increased negative charge of cytochrome c.
Also, the degradation of PB film in basic solution (267) may reduce its
electroactivity and hence the electrocatalysis to cytochrome c.
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Figure 6-10: Effect of buffer solution pH on cytochrome c response obtained at GC/PPy/PB
electrode. Other conditions as in Figure 6-8.
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With a GC/PPy/PB electrode prepared using the optimal conditions
obtained above, cyclic voltammograms were run in a cytochrome c
containing buffer solution for up to 40 cycles. It was found that both the
conducting polymer/PB composite film and the response to cytochrome c
were very stable.

6.3.4.3 At glassy carbon and PPy/Cl coated electrodes
To confirm that the cytochrome c response obtained at GC/PB or
GC/PPy/PB coated electrode is associated with the PB film, cyclic
voltammetry at bare GC electrodes and polymer (PPy/Cl) coated GC
electrodes was also investigated (Figure 6-11). The results show that no
responses can be obtained in the absence of the PB film. It suggests that
the PB film is required to facilitate electron transfer between the protein
the electrode surface.
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Figure 6-11:
Cyclic voltammograms ofO. ImM cytochrome c obtained in 0.1M KCI with 20mM trisHCl buffer solution (pH=6.80) at (a) GC electrode, (b) GC/PPy electrode and (c) GC/PPy/PB electrode
respectively. Scan rate: 20mV/s. PPy film was prepared as in Figure 6-4. PB film was prepared as in
Figure 6-2.
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6.3.5 Flow injection analysis
Finally, flow injection analysis (FIA) was employed for cytochrome c
detection. The PPy/PB composite film was prepared on the glassy carbon
working electrode using the optimal conditions obtained above. Using
0.1M KCI with 20mM tris-HCl (pH=6.80) as eluent, FIA responses were
obtained for the injection of cytochrome c (Figure 6-12).
T
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Figure 6-12:
FIA responses obtained for cytochrome c at a GC/PPy/PB electrode. Eluent: 0.1M
KCI with 20mM tris-HCl buffer solution (pH=6.80). Flow rate: l.Oml/min. Applied potential: -0.1 OV
Protein concentrations (in eluent): (a) 0.0125mM, (b)0.025mM, (c)0.05mM, (d)O.lmM. PPy film was
prepared as in Figure 6-4. PBfilm was prepared as in Figure 6-2.

The effect of applied potential on the cytochrome c response w a s studied
(Figure 6-13).
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Figure 6-13: Effect of applied potential on FIA response for 0.1 mM cytochrome c at GC/PPy/PB
electrode. Other conditions as in Figure 6-12.

It was found that the response at negative potentials was more sensitive than
that observed at positive potentials. The most well defined response was
obtained at - 0.10V. With application of more negative potentials (< 0.50V ) the baseline became unstable probably due to reduction of the
conducting polymer layer. In addition, application of these more negative
potentials results in a decrease of conductivity in the conducting polymer.
The electroactivity and electrocatalytic effect of the outer PB film was
subsequently reduced. With Eapp > +0.60V, the response decreased
dramatically presumably due to the overoxidation of the conducting polymer

layer leading to the significant decrease of conductivity of this polymer laye
(217). Therefore, with the overoxidised polymer layer between PB film and
electrode, the electroactivity of PB was hindered markedly. At Eapp =
+1.00V, the response disappeared completely. Cyclic voltammetry was
employed to check this overoxidised polymer coated electrode. The typical
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P B peaks and conducting polymer peaks disappeared after exposure to this
extreme anodic potential.
With Eapp = -0.10V, injections of other proteins produced positive
responses, which are much smaller than cytochrome c response (Figure 614). These non-specific responses are presumably due to the adsorption of
proteins onto the electrode surface reducing the partitioning of cation from
the eluent into the PB film.
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Figure 6-14:
FIA responses obtained at GC/PPy/PB electrode for (a) HSA, (b) BSA, (c) MYO, (d)
CYT.C, (e) a-LAC and (f) OVA respectively. Protein concentration: 0.1 mM (in eluent).
conditions as in Figure 6-12.

Finally, using the optimal conditions (as summarised in Table 6-3), a
calibration curve has been obtained for cytochrome c. A linear relationship
was obtained at concentrations below 30jiM (Figure 6-15). The limit of
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detection was estimated to be 0.05 u M . The reproducibility (r.s.d.) of the
responses obtained was adequate (5% for 15 injections).

Table 6-3:

Optimal conditions for the detection of cytochrome c using flow injection analysis

Preparation of GC/PPy/PB

Eluent

Applied potential

Step 1. Growth of PPy on G C : PPy/CI was
galvanostatically grown on G C electrode in 0.2M
pyrrole and 0.1M KCI at the current density of
2.0mA/cm2 for 10 seconds.
0.1M KCI with 2 0 m M tris-HCl
Step 2. Deposition of P B on GC/PPy: P B was buffer solution (pH=6.80).
deposited potentiostatically on GC/PPy at +0.40V Flow rate: l.Oml/min.
in an initial solution containing l.OmM
K3Fe(CN) 6) l.OmM FeCl3, 0.95M KCI and
3.2mMHCl for 10 seconds.
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Figure 6-15: Calibration curve obtained at GC/PPy/PB electrode for cytochrome c in a flow
injection analysis system. Other conditions as in Figure 6-12.

6.4 CONCLUSION

In this work, a novel compositefilmconsisting of an inorganic P B film and
organic conducting polymer PPy/Cl was prepared.
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Two approaches for the preparation of the composite film were investigated,
i.e. GC/PB/PPy and GC/PPy/PB. It was found, with an outer polymer layer,
the electroactivity of PB film was hindered markedly. Therefore, at the
GC/PB/PPy electrode, no response was obtained for the redox protein
cytochrome c. In contrast, at GC/PPy/PB electrode, the introduction of a
conducting polymer layer (PPy/Cl) enhanced the electroactivity of the outer
PB film substantially. This can be used for the improvement of signal
generation attained for cytochrome c.
The facile preparation of both the inner polymer layer and the outer PB film
allows the optimisation of the composite film to achieve sensitive
amperometric responses for cytochrome c. Also, the effect of buffer
solution pH was investigated and it was found that a neutral solution was
optimal.

Using the conditions optimised in batch work, the practical utility of this
conducting polymer/PB film coated electrode has been demonstrated with
flow injection analysis. With an applied potential of -0.1 V, a specific
reduction response for cytochrome c was obtained. Reproducibility (r.s.d.)
of 5% for 15 injections was observed. Linear calibration was observed at
concentrations below 30uM. The limit of detection was estimated to be
0.05uM.
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CHAPTER 7

A Synthetic Electronic Antibody System - The
Application of Chemometric Analysis to Protein
Responses at Conducting Polymer Coated Microarrays
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7.1 INTRODUCTION

The use of conducting polymers as a matrix for immobilising specific

molecular recognition sites has been demonstrated (35). The immobilisa

of specific molecules that are capable of molecular recognition is mos
easily implemented using electropolymerisation. Signal generation is
achieved either directly or indirectly via interaction of the analyte

with the functional molecular recognition sites in the conducting poly
matrix. Conducting polymers have been successfully employed for the

immobilisation/incorporation of antibodies (125-128). Based on specifi

antibody-antigen interaction, this kind of sensor has been used for th
detection of proteins with high selectivity.

However, due to the difficulty of mamtaining the activity of immobilis
bio-components, this kind of sensor inevitably suffers from problems
associated with reproducibility, life time and reusability.

In this work, the feasibility of using simple chemistry at conducting

surfaces to generate analytically useful responses for the detection o

proteins has been investigated. In previous chapters, the use of surfa

binding (Chapter 3) or dye binding (Chapter 4), and the electrocatalys

Fe (CN)63" (Chapter 5) or prussian blue (PB) (Chapter 6) for the detecti

a range of proteins was considered. It has been shown that the conduct
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polymer composition can be varied with an appropriate functional group to

achieve sensitivity and modulate selectivity. In this chapter, these functional
polymers were coated onto the individual microelectrodes of an array
system. The analytical utility of this system was evaluated using flow
injection analysis (FIA). The effect of applied potential and polymer
composition on the responses obtained at the individual electrodes has been
investigated. This was followed by chemometric analysis to analyse the
responses generated by conducting polymer coated microarrays. The
specific pattern obtained was investigated for both qualitative and
quantitative analysis of a range of proteins.

For conducting polymer based sensor arrays, pattern recognition has
attracted considerable attention in recent years. Most of the work has been
carried out for gas sensors (270-272). Using pattern recognition, the
specific pattern for a particular gas can be found and used for the
identification and quantification. In this way, an electronic nose has been
constructed (273-275).

In this chapter, protein identification and quantification were performed by
conducting polymer coated microarrays in combination with chemometric
techniques. Based on the principle of a real antibody-antigen system where
the recognition is based on the coupling of an antibody with an antigen (14),
a new concept, the synthetic electronic antibody system, has been proposed.
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The electronic antibody system was constructed by combining pattern
recognition with microarray sensing technology. With such an approach,
the strict elock-and-keyi (276) design criterion of traditional sensing
systems has been abandoned. Instead, an array of incrementally different
sensors was used. In this design, although the identification of protein can
not be performed with the response from a single sensor element, a specific
pattern of responses produced over the collection of sensors in the array
could provide a "fingerprint" that would enable identification and
quantification of the analyte protein. Compared with the real antibody
incorporated sensor, the synthetic antibody system possesses some potential
advantages. Most significant of these is that the incorporated nonbiological component avoids the difficulties in maintaining biological
activity encountered with a real antibody system, ensuring long life and
reproducibility.
7.1.1 Aims and approach
Generally, there are two main steps involved in this work. One is
optimisation of polymer composition and applied potential to achieve
selective responses for a range of proteins. The other is using chemometric
methods for the analysis of the data obtained to generate specific patterns
for protein identification and quantification.
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The microarray used in this work has five platinum coated working
electrodes. Before the deposition of conducting polymers, the microarray
was always characterised using cyclic voltammetry.

The conducting polymers were then deposited onto the individual electrodes
galvanostatically in a solution containing pyrrole and the corresponding
counterions. For the preparation of the conducting polymer / Prussian Blue
composite films (PPy/Cl/PB), another Prussian Blue (PB) film was then
deposited potentiostatically onto the top of polymer PPy/Cl. The resulting
polymers were characterised using chronopotentiometry and cyclic
voltammetry.

At these polymer coated microarrays, protein responses were investigated
using 0.1M sodium phosphate (pH=5.0) as eluent. The effect of applied
potential at each individual electrode on protein FLA responses was
optimised. With the optimised potentials applied, FIA responses for pure
proteins at a range of concentrations and a mixture of HSA and CYT.C at
different ratios were recorded.

Finally, chemometric analysis was performed for both qualitative and
quantitative analysis of proteins. The data pretreatment was carried out
using normalisation and autoscaling in Excel 5.0 before chemometric
analysis. Several well known chemometric methods were applied on
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pretreated data for identification and quantification of proteins
Principal Component Analysis (PCA), Soft Independent Modelling of

Analogy (SIMCA), K Nearest Neighbors Classification (KNN), Ordinary
Least Square (OLS) and Partial Least Square Regression (PLS).

7.2 EXPERIMENTAL

7.2.1 Reagents and standard solutions

All reagents were AR grade unless otherwise stated. Pyrrole was ob

from MERCK and was distilled prior to use. All solutions were prep
using deionised Milli-Q water (18 MQ Cm). Proteins were purchased

SIGMA and used without further purification. 0.1M sodium phosphate

buffer solution (pH=5.0) was used as supporting electrolyte and el
7.2.2 Instrumentation

Conducting polymer films and PB film were prepared galvanostatical
potentiostatically using a Princeton Applied Research Galvanostat

/Potentiostat Model 363 (PAR-363). Cyclic voltammetry was performe

using an Analog Digital Instruments (ADI) ElectroLab interfaced wi

Apple Macintosh computer. A three electrode system was employed fo

cyclic voltammetry. This consisted of the microarray working elect

platinum gauze auxiliary electrode and a Ag/AgCI (3M NaCl) referen
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electrode. An ORION pH meter Model SA520 was used to adjust solution
pH.

Flow injection analysis (FIA) was performed using a DIONEX liquid
chromatography Model LCM-3 fitted with a 20 jj.1 sample loop. A BAS thin
layer flow cell, in which the microelectrode array was sandwiched between

the upper and lower halves of the cell, was used throughout all experiment

The multichannel potentiostat, together with the microprocessor interface
and power supply provided by Electrochemical and Medical Systems Ltd,
UK was used to control and measure signals generated from the FIA

microarray detector. This system utilises a single reference electrode an

allows the simultaneous measurement of the current at up to eight electro
using a potential waveform generated from an external potential source.

The data acquisition system consists of an internal general purpose inputoutput board (NB-MIO-16X, National Instrument) and a data acquisition
program (written in Labview 3.0, National Instrument) supplied by
Electrochemical and Medical Systems Ltd, UK. The system was connected
and controlled by Macintosh Quadra 650.

7.2.3 Fabrication of microarrays

The microarray used in this work was produced using standard
microlithographic techniques. These techniques allow the patterning of
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electrode materials d o w n to approximately 1 micron in virtually any shape

or pattern. The substrates used were standard three inch silicon wafers with
a 100 X coating of Si02 to create a highly insulating surface. The
configuration of the microarray used is shown in Figure 7-1.

Bonding Pads

Insulated
Connecting
Lines

Figure 7-1:
Schematic of a microelectrode array containing 5 working electrodes each has 10
lines of 20 /xm by 1mm dimensions.

Each individual platinum coated electrode consists of 10 lines with the
dimension of 20 urn x 1mm.

7.2.4 Preparation of conducting polymer coated microelectrode
arrays
Conducting polymer films were deposited galvanostatically onto each
working electrode of the microarray using a current density of 2.0 mA/cm2.
Polymerisation solutions used were 0.2M pyrrole and 0.1M para-toluene
sulphonate (pTS) for PPy/PTS, 0.2M pyrrole and 0.1M KCI for PPy/Cl,
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0.2M pyrrole and 0.005M methyl orange (MO) for PPy/MO, and 0.2M
pyrrole and 0.005M bromocresol green (BG) for PPy/BG. All

polymerisation solutions were deoxygenated for 10 minutes prior to use.
For PPy/Cl/PB composite films, an outer Prussian Blue (PB) film was
deposited onto the precoated PPy/Cl layer potentiostatically using a
potential of+0.40V. The deposition solution contained l.OmM K3Fe(CN)6,
1.0 mMFeCls, 0.95 M KCI and 3.2 mMHCl.

7.2.5 Data treatment and chemometric analysis methods
The peak heights for the protein FIA responses were measured using the

data acquisition program, and then imported into the Excel 5.0 spreadsh

The data pretreatment was carried out in Excel before submitting to SCA

(Software for Chemometric Analysis ) version 1.1 supplied by Minitab In

USA for pattern recognition analysis. For data pre-treatment, two popul

techniques - normalisation and autoscaling - were involved. By normalis

objects to constant sum, the "size" effects of objects are removed. Whi

autoscaling gives each variable zero mean and unit standard deviation t

equalise the importance of their variation. Several well known chemomet
methods available in SCAN were then applied on pretreated data for

identification and quantification of proteins, namely Principal Compone
Analysis (PCA), Soft Independent Modelling of Class Analogy (SIMCA), K
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Nearest Neighbors Classification (KNN), Ordinary Least Square (OLS) and
Partial Least Square Regression (PLS).
PCA is a powerful unsupervised learning pattern recognition method which

expresses the original variables in terms of linear combination of orthogona
principal components (PCs) (277). The PCs are ordered so that the first
component displays the greatest amount of variation, the second for next
greatest and so on. Each component is characterised by scores and
loadings. The score values determine the position of objects (samples) on
PC space while the loading values reflect the contribution of original
variables (predictor sensors) in construction of a particular component.
Therefore, by transforming data from the space of original variables to the
PC space, multivariate data can be reduced, resulting in partial removal of
experimental error and revelation of underlying data structures.

SIMCA is a supervised classification method which uses the linear
discrimination functions derived from separated principal component
analysis of selected sets of objects as individual classes (277). Residual
standard deviations are computed for objects within class and between each
object and class model. Objects are then classified according to their
residuals (distances) from the PC models. This classification method is
more quantitative compared to PCA and can be used to support PCA
exploration.
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KNN is an unsupervised, nonparametric method where the classification of
an object depends on the class assignment of its K nearest neighbors (277,
278). The nearness between objects defined by Euclidean distance in
variable space is used to estimate the class membership of an object in the
class which contains the majority of its K nearest neighbors. KNN makes
no assumption on the distribution and the shape of the classes.
OLS regression calculates the relationship between one or several
dependent variables and independent variables by a least square solution
which can be represented as (279):

y = Xb + e
where y is the vector of dependent variable, X is matrix of the independent
variables, b is the vector of regression coefficient, and e is the vector of
error. Among multivariate regression methods, Ordinary Least Square
Regression (OLS) is the simplest and most popular method in which the

regression model is linear in both the coefficients and independent variables
(predictor variables). Compared to Principal Component Regression (PCR)
and Partial Least Square Regression (PLS), the basic problems of this
method are the high sensitiveness to outliers and correlation between
variables. However, OLS is usually suitable if the data is single response,
well determined and there are more samples than predictor variables.
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Therefore, this method was applied in our work for quantification of pure
protein.
PLS models a set of independent (predictor) variables to one or more
dependent variables, denoted as PLS1 or PLS2, by performing a least

square regression for uncorrelated latent variables of the predictor variab
(279). The PLS model can be expressed as:

Y = TBQ + E

where Y is a set of variables, T is a set of uncorrelated variables that are
linear combinations of the original independent variables, B is regression
coefficient matrix, and E is the residual matrix.
Compared to OLS regression, PLS calculates a more predictive model by

assuming that the majority of information (variance) of the original data c
be represented in a limited number of uncorrelated variables. The optimal
number is usually selected using cross-validation criteria (280).

7.3 RESULTS AND DISCUSSION

Initially, protein responses were collected using the polymer coated
microarrays. The polymer composition and applied potential were
investigated in order to achieve selectivity for a range of proteins.

Chemometric analysis was then used for the analysis of the resulting data t
generate specific patterns for protein identification and quantification.
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7.3.1 Data collection

7.3.1.1

Characterisation of microarrays

The characterisation of the microarray w a s carried out using cyclic

voltammetry in a ferricyanide containing solution at a range of different s
rates (Figure 7-2). It was found that the emicro-typei behaviour of
microelectrode was observed at slow scan rate (i.e. 5mV/s). At higher scan
rates, less ideal micro properties appeared.
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Figure 7-2:
Cyclic voltammograms obtained at a microarray electrode in 20mM K^efCtye
l.OMKCl. Scan rate: (a) 5.0mV/s, (b) 20mV/s, (c) 50mV/s, (d) WOmV/s.

7.3.1.2 Polymer preparation and characterisation

In this work, conducting polymers containing para-toluene sulphonate
(PPy/PTS), the sulphonated dyes methyl orange (PPy/MO) and bromocresol
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green (PPy/BG) or a conducting polymer/Prussian Blue (PB) composite film
(PPy/Cl/PB) were deposited onto each working electrode of a microarray.
These polymers have previously proven useful in Chapter 3 (PPy/PTS),
Chapter 4 (PPy/MO and PPy/BG) and Chapter 6 (PPy/Cl/PB ) in producing

sensitive and selective responses for a range of proteins. All the conductin
polymers used were prepared galvanostatically as detailed in the
experimental section. The growth potentials measured during
polymerisation were similar to those observed at macro electrodes and
summarised in Table 7-1.

Table 7-1: Growth potentials for a range of conducting polymers at the microarray ele

_ ,
Polymer
J

PPy/MO

Deposition potential
ZT
. ,. „,.
(V, vs Ag/AgCI)
1.10

PPy/BG 0.80
PPy/PTS 0.70
PPy/Cl 0.65

Polymers were prepared galvanostatically as described in the experimental section 7.2.4
potentials were measured at t = 2 minutes.

In all cases, a constant potential was observed throughout the
polymerisation indicating the formation of a conductive polymer film on the
microarray electrode surface. For the preparation of composite PPy/Cl/PB,
another Prussian Blue (PB) film was deposited onto the precoated PPy/Cl
polymer surface potentiostatically at the potential of +0.40V. It has been
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confirmed previously (Chapter 6) that, with the inner PPy/Cl layer, the
electroactivity and electrocatalysis of the outer PB film can be enhanced
substantially.

Using cyclic voltammetry (Figure 7-3), the resultant polymers were
characterised in 0.1M sodium phosphate buffer (pH=5.0), the eluent
employed for subsequent FIA detection.
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Figure 7-3:
Cyclic voltammograms obtained in 0.1 M sodium phosphate buffer (pH=5.0) at (a)
bare platinum microarray electrode and a range of polymer coated electrodes of (b) PPy/MO, (c)
PPy/BG, (d) PPy/PTS and (e) PPy/Cl/PB respectively. Scan rate: 20 mV/s. Polymers were prepared
galvanostatically as described in the experimental section 7.2.4 for 1 minute. Prussian bluefilmwa
deposited onto PPy/Cl polymer potentiostatically as described in the experimental section 7.2.4 for
seconds.
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All polymers obtained are electroactive. Results were similar to those
observed previously at macro electrodes (Chapters 3, 4, 6). At the
composite film PPy/Cl/PB coated electrode, the redox processes of both
polymer and PB film were clearly displayed. The pair of peaks between 0
to +0.1 OV is attributed to the oxidation/reduction process of the PB film.
7.3.1.3 Protein FIA responses at polymer coated microarrays

Subsequently, FIA responses for proteins were obtained using the above
polymer coated microarrays. It was found that the protein responses were
affected by polymer composition and applied potential (Figure 7-4).

At each of the different polymer coated electrodes, responses were obtained
and selectivity could be modified by the application of an appropriate
potential. Using the sulphonated dye containing polymer electrodes (Figure
7-4a,b), more sensitive responses were obtained for the albumin proteins
(HSA, BSA, a-LAC and OVA), while the more hydrophilic proteins CYT.C
and MYO generated very poor responses. This is presumably due to the
stronger interactions between sulphonated dye and albumins (212).
Similarly, using the PPy/PTS coated electrode, injections of BSA and HSA
resulted in relatively larger responses (Figure 7-4c). However, using the
PPy/Cl/PB coated electrode (Figure 7-4d), CYT.C generated a specific
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negative response which has been shown to be associated with the unique
electrocatalysis of the PB film in Chapter 6.
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Figure 7-4:
Effect of applied potential on protein FIA response at a microarray of (a) PP
(b) PPy/BG, (c) PPy/PTS and (d) PPy/Cl/PB. Eluent: 0.1M sodium phosphate buffer (pH=5
rate: l.Oml/min. Protein concentration: 0.1 mM. Polymers were prepared galvanostatica
described in the experimental section 7.2.4 for 10 seconds. Prussian blue film was de
PPy/Cl potentiostatically as described in the experimental section 7.2.4 for 10 secon

The applied potential required to produce responses varies from one
polymer to another. For example, the most sensitive responses observed
using the PPy/PTS coated electrode were obtained at +0.20V. With a
negative potential applied, an unstable baseline was always observed. With
a more positive potential applied, the protein responses decreased. At
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applied potentials higher than +0.60V, responses disappeared completely
for all proteins with the PPy/PTS electrode, presumably due to polymer
overoxidation resulting in a significant loss of conductivity (217).

Conducting polymer overoxidation was also observed using the PPy/Cl/PB
electrode. Using PPy/Cl/PB, an applied potential of -0.1 OV resulted in a
specific reduction response for CYT.C. At high positive potentials, polymer
overoxidation was again observed. As a result, protein responses were not
obtained at potentials higher than +0.90V for the PPy/Cl/PB electrode.
Interestingly, the use of sulphonated dye containing polymers resulted in
responses even at potentials where overoxidation is likely to occur. The
most sensitive responses were obtained at +1.00V (more details in Chapter
4).
With the corresponding optimal potential applied, typical FIA responses of
proteins obtained at each polymer coated electrode of a microarray were
obtained and shown in Figure 7-5.

Applying different potentials (as in Figure 7-5) at each electrode, protein
FIA responses were recorded at a range of concentrations : 0.025, 0.05, 0.1,
0.2, and 0.4 mM. Solutions containing a mixture of HSA and CYT.C at
different ratios were also prepared to investigate two-component analysis.
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Five injections were replicated for every sample to facilitate the
determination of reproducibility and regression statistics.
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Figure 7-5: FIA responses obtained at a microarray of (A) PPy/MO, (B) PPy/BG, (C) PPy/PTS
and (D PPy/Cl/PB for a range of proteins of (a) CYT.C, (b) MYO, (c) HSA, (d) BSA, (e) a-LAC and (f)
OVA. Applied potentials: +1.00V(A and B), + 0.2 0V (C) and -0.10V (D) respectively. Other conditions
as in Figure 7-4.
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7.3.2 Chemometric analysis

Chemometric analysis was then carried out by using PCA, SIMCA and
KNN for protein identification and OLS and PLS for protein quantification.
In the identification methods, PCA is the most common one to deal with
multivariate data by using singular value decomposition (SVD). However,
SIMCA and KNN are more quantitative methods, which involve all data
variability. SIMCA is a classification procedure using linear discriminant
functions derived from separated PCA models of each category. KNN is a
nonparametric classification method based on the distance between objects
in a multidimensional space. In KNN, the classmembership of an object is
estimated from the classmemberships of its K neighbours. Thus, more data
variances are included in the classification procedures of SIMCA and KNN.
Therefore, in this work, PCA was firstly applied to explore the unrevealed
structure of the data and provide the primary evaluation of the
discrimination ability of the polymer coated microarray for the six test
proteins. Furthermore, this discrimination ability was confirmed by the
more quantitative methods SIMCA and KNN.

For the quantification, OLS is the simpler and more popular method in

which the regression model is linear in both the coefficients and independen
variables (predictor variables). This method is usually preferred if the
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number of samples is bigger than that of predictor variables, the data is w
determined and consists of single response. Therefore, in this work, OLS

was used for the quantification of pure proteins. On the other hand, becaus
OLS predicts just only dependent variable and does not take into account

the cross-correlation between independent variables, it can not be used for
the analysis of mixture. For mixture then PLS was employed.
Comparatively, PLS calculates a more predictive model by assuming that

the majority of information (variance) of the original data can be represen
in a limited number of uncorrelated variables. The optimal number is
usually selected using cross-validation criteria.

7.3.2.1 Identification of protein

For protein identification, an initial data matrix of 150 rows and 4 column
was set up, corresponding to different sample responses and polymer coated
sensors, respectively. For these 150 four-sensor response patterns, six
different proteins are involved: CYT.C, MYO, HSA, BSA, a-LAC and
OVA. Each protein group consists of five replicates of five different
concentrations ranging from 0.025 to 0.4 mM. Normalisation and
autoscaling were applied to this data matrix to transform the data into a
more expedient form with size effects removed and variance scaled. PCA,
SIMCA and KNN were then carried out on this pretreated data.
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The PCA results are shown as a three dimensional score plot of PCI vs.
PC2 vs. PC3 in Figure 7-6. A total of 99.4 % of variance of the whole data
set was described in which the first PC represents 44.8 %, the second
represents 35.6% and 19.0% on the third. From the score plot, it was found
that protein separations were contributed by the three PCs. PCI appears to
separate six proteins into two sub-groups of (a-LAC, OVA) and of (HSA,
BSA, MYO, CYT.C) while PC2 and PC3 seem to be responsible for
discrimination of each protein within sub-groups. It can be seen that all

different concentrations and replicates of each protein fell separately int
distinct groupings. CYT.C, which displayed a specific negative response at
PPy/Cl/PB electrode, was clearly separated from other proteins mainly by
PC2. Presumably due to their similar structures and properties, HSA and
BSA appeared in close proximity. Looking generally, however, groups of
HSA, BSA and MYO were still not readily seen to be well separated from

each other. Therefore, more quantitative classifications were applied using
SDVICA and KNN methods.
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Figure 7-6:

PCA

score plot (PCI vs. PC2 vs. PC3) ofprotein samples

The same pretreated data set as described above was used to test SIMCA
and KNN performance. One principal component was found to be optimal
for all six sub-class models in SIMCA analysis. The distances between
classes were calculated by the following equation:
n p
d(g,h) =ZiZjei jh 2 /(n(p-m))
where d is distance between classes g and h, ejjh is residual for a sample

class h fitted into PC model of class g, n is number of samples in class g,
is number of sensors, and m is number of PCs being used in modelling of
class h (279).
The distances of protein classes are represented in Table 7-2.
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Table 7-2:

The distances between protein classes in SIMCA analysis

CYT.C

MYO

HSA

BSA

a-LAC

OVA

CYT.C

0.67

45.08

18.43

20.58

15.88

15.03

MYO

35.55

0.65

9.28

8.27

16.56

14.80

HSA

32.63

5.18

0.79

4.39

11.81

11.62

BSA

31.80

4.92

2.67

0.62

12.75

11.83

a-LAC

28.69

6.02

16.84

17.87

0.70

18.12

OVA

31.92

11.80

28.20

51.34

12.76

0.79

Clearly, the standard deviations of each class are significantly smaller than
the distances between them, indicating that the separations between classes
are quantitatively reliable. Applying the SIMCA model, perfect
classification was achieved with no misclassified sample observed in both
class recognition and prediction using the method of ieave-one-out' in the
cross-validation test. For further examination, every fifth replicate of each
concentration was split from the training data set to form a test set. The
SIMCA model was repeated. Perfect results were also obtained in class

recognition and internal cross-validation as well as external prediction test.

Similarly, KNN was applied with the optimal nearest neighbor. Again,
consistent with SIMCA classification, satisfactory results (100% correct)
were determined by the KNN model for cross validation test (Figure 7-7).
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Figure 7-7: KNN classification of six proteins: class (1): BSA, (2): CYT.C, (3): HSA, (4): MYO,
(5): a - L A C and (6): OVA. Each class contains 25 samples (5 injections of 5 concentrations from 0.025

toOAmM).

The results obtained above showed that the FIA system with this conducting
polymer microarray as an amperometric detector can provide sufficient
information to identify these six proteins with the assistance of pattern
recognition models.

7.3.2.2

Quantification of protein

In quantitative analysis of pure protein, six data sets of different proteins
consisting of five concentrations from 0.025 to 0.4mM were established.
The OLS method was performed on each autoscaled data matrix to predict
the protein concentrations. The model igoodness-of-fiti and igoodness-ofpredictioni were measured based on coefficients of relativefittingability
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(R2) and relative prediction ability using "leave-one-out-at-a-time" crossvalidation (R2cv). These coefficients are calculated as following:

R = (1-RSS/TSS)
where R is either of two coefficients (R2 or R2cv), R S S is sum of square of
ordinary residuals between true and fitted/predicted concentration, TSS is
total concentration deviation which is sum of square of differences between
each concentration and their average (279, 281).
Nearly perfect results on model fitting and prediction ability were
determined for every protein with all R2 and R2cv coefficients obtained at
0.999 level. The curves of true vs predicted concentrations for each protein
are presented in Figure 7-8.
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True vs. Predicted concentrations of six pure proteins calculated by OLS model.
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The contribution levels of each polymer coated sensor in predicting
concentration were also measured and presented in Figure 7-9.

^^^^^^^^^^H

Figure 7-9:
Importance plot for four sensors PPy/PTS (PTS), PPy/Cl/PB (PB), PPy/BG (BG) an
PPy/MO (MO) in OLS model for calibration of six pure proteins.

In the case of autoscaling, these relative importances of predictor variable
(sensors) were reflected by the regression coefficients in the prediction
model. It was found (Figure 7-9) that PPy/PTS is the most important sensor
in response to BSA, HSA, MYO and OVA while PPy/Cl/PB is the
significant one for CYT.C. These findings were in agreement with the
sensors' sensitivity to proteins presented in the data collection section.
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7.3.2.3

Quantitative analysis of a two component mixture

Two-protein mixtures containing H S A and C Y T . C at different levels were

prepared for further investigation of the simultaneous quantitation abilit
the microarray (Table 7-3).

Table 7-3:

Calibration concentration of mixture CYT.C and HSA

CYT.C (mM) H S A (% in mixture) C Y T . C (% in mixture)

Number of
sample

HSA (mM)

1

0.00

0.40

0.00

100.00

2

0.02

0.30

6.25

93.75

3

0.025

0.2

11.11

88.89

4

0.04

0.15

21.05

78.95

5

0.05

0.1

33.23

66.67

6

0.075

0.075

50.00

50.00

7

0.10

0.05

66.67

33.23

8

0.15

0.04

78.95

21.05

9

0.20

0.025

88.89

11.11

10

0.30

0.02

93.75

6.25

11

0.40

0.00

100.00

0.00

Sample solutions were prepared by dissolving proteins in the eluent of 0.1 M sodium phosphate (pH =
5.0)

As for the determination of reproducibility, this set of 11 samples were
replicated five times to form a data matrix of 55 objects and 4 predictor
variables. Again, autoscaling was carried out before building the PLS2
model. Concentrations (mM) of HSA and CYT.C as well as their
percentage in the mixture were predicted simultaneously. The full details of
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the P L S model are presented in Appendix Table 1. The curves of true vs
predicted concentrations obtained for HSA and CYT.C are presented in

Figure 7-10 and the coefficients R2 and R2cv of all the response variable
are shown in Table 7-4.
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True concentration
Figure 7-10: True vs. Predicted concentrations of proteins HSA
calculated by PLS2 model.

and CYT.C in the mixture
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Table 7-4:
HSA - CYT.C

Relativefittingability and predicting ability coefficients in quantitative analysis of
mixture
Protein

R2

R2cv

HSA(mM)

0.998

0.998

CYT.C (mM)

0.986

0.985

HSA or CYT.C (%)

0.953

0.945

High accuracy w a s obtained for concentration prediction of both H S A and
CYT.C with R2cv of 0.998 (HSA) and 0.985 (CYT.C), respectively. The
prediction ability of the model in term of proportional percent showed

slightly less correction compared to concentration prediction, but still wa
an acceptable range (R2cv = 0.943).
The importance of each polymer sensor in this PLS2 model is presented in
Figure 7-11.

It can be seen that for HSA concentration prediction the ieffect leveli of
four sensors was relatively similar. While in estimating concentrations of
CYT.C, the PPy/Cl/PB sensor played the most important role. This again
confirmed that a specific interaction occurred between CYT.C and the
PPy/Cl/PB coated electrode. In percentage prediction, the same magnitudes
of importance of sensors were observed for HSA and CYT.C. For the
mixture of two components, the percentage prediction of one component
can be easily calculated by taking 100% minus the percentage predicted for
the other component as A = 100 - B. Therefore, the importances obtained
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for HSA and CYT.C in this work appeared in opposite direction as expected
(Figure 7-11).

Figure 7-11:
Importance plot for four sensors PPy/PTS (PTS), PPy/Cl/PB (PB), PPy/BG (BG) an
PPy/MO (MO) in PLS2 model for calibration of HSA and CYT.C in the two-component mixture.

This work showed that the concentration and mole ratio of each component
in a mixture of HSA and CYT.C proteins can be quantitatively analysed by
combining a four polymer coated array with PLS2.
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7.4 CONCLUSION

In this chapter, chemometric analysis has been applied for both qualitative
and quantitative analysis of a range of proteins based on the responses
generated by conducting polymer coated microarrays using a flow injection
analysis system.

Functional polymers containing appropriate counterions coated onto
individual microelectrodes of an array were used to generate FIA responses
for proteins. Application of appropriate potentials on the microarray
enabled the modulation of selectivity for different proteins in order to
optimise analysis performance.

Protein identification and quantification was performed using chemometric
techniques including PCA, SIMCA, KNN, OLS and PLS. Based on their
specific response patterns generated from four polymer coated electrodes
(PPy/MO, PPy/BG, PPy/PTS and PPy/Cl/PB) and chemometric
interpretation, six different proteins, namely CYT.C, MYO, HSA, BSA, ccLAC and OVA, can be clearly identified and qualitatively determined.
Individual proteins in a two component mixture of HSA and CYT.C were
quantitatively analysed with acceptable accuracy.

In this way, a new concept, the synthetic electronic antibody system, has
been shown to be feasible. The possibility of developing a purely synthetic
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approach for protein determinations by combining conducting polymer
coated microsensor array with chemometric techniques has been
successfully demonstrated.
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CHAPTER 8

Study of Fouling Resistant Conducting Polymers for
the Detection of Phenols
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8.1 INTRODUCTION
Due to the importance to industry, the environment and clinical studies, the
detection of phenolic compounds has long been an area of extensive
research. Among the methods employed, electrochemical determination is
an important approach since most phenols can be easily oxidised and the
instrumentation required is relatively inexpensive and unsophisticated.
However, this method suffers from fouling problems at conventional solid
metal electrodes. The electrochemical oxidation of phenolic compounds
produces phenoxy radicals which couple to form a passivating polymeric
film on the electrode surface (90, 91) and this results in a decrease in the
oxidisation response (92, 282). This problem becomes more severe as the
concentration of phenols increases. Mengoli and coworkers (283, 284) have
suggested the following mechanism for the polymerisation due to the

oxidation of phenol at glassy carbon or other carbon electrodes (Figure 8-1):

(a) initiation:

H

(b) propagation:
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The oxidation and polymerisation of phenol

In recent years, the use of conducting polymer modified electrodes to
prevent electrode fouling associated with the oxidation of phenols (93, 95)
has been addressed. A m o n g them, poly(3-methylthiophene) was found to
be a promising material to preventing the deposition of the product of phenol
oxidation (93).

8.1.1 A i m s and approach

In the work of this chapter, a range of conducting polymers has been
investigated for the prevention of electrode fouling for the detection of
phenol by optimising the polymer matrix and the counterion incorporated.
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First of all, phenol oxidation was investigated at bare macro and micro
electrodes by varying the scan rate. It was confirmed that this fouling
problem can not be eliminated by simply reducing the electrode surface area
and increasing scan rate.

Then, conducting polymers polyaniline and polypyrrole containing a range
of different counterions were investigated. The variation of the polymer
properties was carried out by incorporating a variety of counterions
including CI" and other counterions with hydrophobic or hydrophilic groups.
The effect of polymer composition on phenol response was investigated
using UV-vis spectroscopy and FTIR spectroscopy.
The phenol oxidation response and the effect of polymer composition were
investigated using cyclic voltammetry. Then, the analytical application of
this polymer modified electrode as an amperometric sensor was investigated
using flow injection analysis. For practical applications, the amperometric
detection method with flow injection analysis (FIA) has been extensively
employed to determine phenol in environmental, industrial, clinical and food
samples (93). In this chapter, the use of DC amperometry and pulsed
potential amperometry at conducting polymer modified electrodes under
flow conditions was investigated and compared.
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Finally, using the optimal polymer and experimental conditions, t

calibration curve and the limit of detection for phenol were obta

8.2 EXPERIMENTAL

8.2.1 Reagents and standard solutions

All reagents were AR grade unless otherwise stated. Pyrrole obtai

MERCK and aniline obtained from SIGMA were distilled prior to use

Phenol was purchased from SIGMA, o-aminobenzenesulphonic acid, p-

aminobenzenesulphonic acid, p-hydroxybenzenesulphonic acid (sodiu

dihydrate), benzenesulphonic acid (sodium salt) were purchased fr

ALDRICH. P-toluene sulphonic acid (sodium salt) was purchased fro
MERCK. Poly (aniline sulphonic acid) (PAS) was provided by Nitto

Chemical Industry Co., Ltd., Japan. All solutions were prepared u
deionised Milli-Q water (18 MQ Cm).

8.2.2 Instrumentation

Conducting polymer films were prepared using a Princeton Applied
Research Galvanostat/Potentiostat Model 363 (PAR-363). Cyclic

voltammetry was performed using an Analog Digital Instruments (AD
ElectroLab interfaced with an Apple Macintosh computer. A three

electrode system was employed for cyclic voltammetry. This consis
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2

0.018 c m

platinum disc working electrode, a platinum gauze auxiliary

electrode and a Ag/AgCI (3M NaCl) reference electrode. For the work
-7 2

involved a micro platinum electrode (7.85 x 10

c m ), a B A S 100A

electrochemical analyser and a home made Faraday Cage with a built in
amplifier (x 100) were employed.

Flow injection analysis (FIA) was performed using a DIONEX liquid
chromatograph Model LCM-3. A 20 ul sample loop was used. A thin layer
2

amperometric cell with platinum working electrode (0.0705 c m ) supplied
by Dionex was employed throughout all experiments and controlled by the
DIONEX pulsed amperometric detector (PED-Model ED 40). The output
current was recorded with an Analog Digital Instruments (ADI) MacLab
interfaced with an Apple Macintosh computer.

8.2.3 Preparation of conducting polymer modified electrodes

Conducting polymers used in this work were prepared galvanostatically
2

unless otherwise stated. A current density of 2.0 m A / c m

was used.

Polyaniline was synthesised from a solution containing 0.5M aniline and
1.0M HC1. Polypyrrole was synthesised from a solution containing 0.2M
pyrrole and 0.1M counterion. Poly(oASA-co-Ani) copolymer was prepared

using cyclic voltammetry as detailed later. All polymerisation solutions
were deoxygenated for 10 minutes prior to use.
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8.2.4 Voltammetric measurement of phenol

Voltammetric measurements were obtained after the pretreatment of th
polymer coated electrode by cycling in supporting electrolyte until a stable
background was obtained.

8.2.5 UV-vis and FTIR measurements
Gold foil used was purchased from COURTAULDS PERFORMANCE
FILMS, INC. U S A . Conducting polymers were deposited onto gold foil
using the methods described above. After the polymers were rinsed and
dried, UV-vis spectra were carried out using a Shimadzu UV-VISIBLE
spectrophotometer model UV-1601, FTIR spectra were scanned using a
Michelson spectrometer model M B 154.

8.3 RESULTS AND DISCUSSION

8.3.1 Electrochemical behaviour of phenol at bare macro and micro
electrodes

First of all, using cyclic voltammetry, the electrochemical behaviou
phenol at a bare platinum electrode was studied.

As expected, the

electrodeposition of the oxidation product of phenol caused a decrease in
response with successive cycles. The response disappeared completely
after 3 cycles (Figure 8-2). Even using a micro electrode, which should
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result in faster diffusion rates, this passivation phenomenon w a s still
observed (Figure 8-3).
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Successive cyclic voltammograms at a Pt electrode (s=0.018cm2) obtained in 1.0 x

1 Or3 Mphenol in 0.1M HCl. Scan rate: 50mV/s. (a) 1st scan, (b)2nd scan, (c)3rd scan, (d)4th scan, (
5th scan.

E(V)

Figure 8-3:

Successive cyclic voltammograms at a micro Pt electrode (s=7.85 x 10~' cmr)

obtained in 1.0 x Iff3 Mphenol in 0.1M HCl. Scan rate: 50mV/s. (a) 1st scan, (b)2nd scan, (c)3rd
scan, (d)4th scan, (e) 5th scan.

In these preliminary studies, efforts were m a d e to overcome the fouling
problem by optimising supporting electrolyte (acid, base and buffer) and
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increasing the scan rate up to 3200 mV/s. However, the fouling problem
appeared in all cases. This suggests that, without the modification of
electrode surface, the fouling problem can not be eliminated.

8.3.2 Response of phenol at conventional polypyrrole and polyaniline
electrodes
The use of conducting polymer coatings to prevent passivation was then
considered. Initial work was carried out using conventional polymers such
as PAn/Cl and PPy/Cl on the platinum substrate electrode. Results were
similar to those observed at the bare electrode indicating that passivation
can not be overcome using simple counterions incorporated into polymers.

8.3.3 Investigation of polyaniline system
8.3.3.1 Phenol response
Based on the hypothesis that the polymeric film of the product of phenol
oxidation prefers hydrophobic surfaces to hydrophilic surfaces for
deposition, the modification of the electrode surface with polymers
incorporating hydrophilic groups was then considered. First, oaminobenzenesulphonic acid (oASA), a derivative of aniline with a
sulphonate substituent was investigated. To obtain a polymer film,
2

electropolymerisation w a s initiated galvanostatically at 2.0 m A / c m using a
supporting electrolyte of 1.0M HCl. However, in this case, even though
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monomer oxidation was obvious, no noticeable film formation occurred and
the polymer generated was found to be soluble in aqueous solution.

This is in agreement with results obtained previously (285). It was stated
that the deactivating effect of the sulphonate group towards electrophilic

substitution retards the polymerisation significantly. To obtain polymer film
deposition without changing the structure of the polymer significantly,
formation of a copolymer of oASA with aniline (Ani), i.e., poly(oASA-coAni), was subsequently investigated. To do this, a small amount of aniline
was added to the polymerisation solution (286). The copolymer
poly(oASA-co-Ani) was prepared by cyclic voltammetry as suggested

previously. During the first three cycles the anodic limit was limited to 1 .
so as to initiate the reaction. Subsequent cycles were run between -0.2V to
+0.9V. The cyclic voltammograms obtained showed that the polymer can
be deposited at the electrode surface (Figure 8-4). With an increasing
number of scans, the voltammetric peaks increased indicating the formation
of polymer film on the electrode surface.

For prevention of electrode fouling, polymer surfaces with high
hydrophilicity would be preferred. It was shown previously (286) that the
different degrees of sulphonation of the copolymer poly(oASA-co-Ani) can
be attained by varying the feed ratio (oASA:Ani) of the polymerisation
solution between 1:1 and 125:1 during polymerisation. In this work, we
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have investigated the effect of the degree of sulphonation of polymer on
phenol oxidation response by optimising the feed ratio (Table 8-1).
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Figure 8-4: Successive cyclic voltammograms at a Pt electrode obtained in 0.125 M oASA and
0.001Maniline. Scan rate: 50mV/s. During thefirst3 cycles (not shown), the anodic limit was kept at
+1.0V Subsequent cycles were run between -0.2Vto +0.9Vfor 50 cycles.

Table 8-1:

Effect of polymer sulphonation degree on phenol response

Polymer

Feed ratio
(oASA:Aniline) of
polymerisation solution

Decrease of phenol response of
5th scan compared with 1st scan

Bare Pt

100 %

PAn/Cl

100%

poly(oASA-co-Ani)

10:1

85.2 %

poly(oASA-co-Ani)

50:1

40.5 %

poly(oASA-co-Ani)

125:1

13.5%
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With higher degrees of sulphonation, improved phenol responses were
observed at the resultant polymer electrode. The best response was
obtained at the polymer produced from the polymerisation solution
containing 0.125M oASA and 0.001M aniline. At this polymer electrode,
the phenol oxidation response (around + 1.03 V) was greatly improved
(Figure 8-5).
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Figure 8-5: Successive cyclic voltammograms at a poly(oASA-co-Ani) coated Pt electrod

obtained in 1.0 x 10~3 Mphenol in 0.1M HCl. Scan rate: 50m V/s. Poly(oA SA -co-A ni) was prep
in Figure 8-4. (a) 1st scan, (b)2nd scan, (c)3rd scan, (d)4th scan, (e) 5th scan.

After five cycles, the oxidation peak decreased by only 13.5%. It is
interesting to compare this result with the simple polymer PAn/Cl, with no
oASA incorporated in the polymer matrix (Table 8-1). With the former
polymer the phenol response decreased markedly after one cycle and
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disappeared completely after three cycles; just similar to that observed a
bare electrode (Figure 8-2).

Also, it was noted that, at poly(oASA-co-Ani) polymer electrode, the
oxidation/reduction peaks due to the redox processes of the polymer
decreased with number of increasing cycles. This is presumably associated
with the polymer overoxidation as the upper potential limit was +1,2V.

8.3.3.2 Polymer spectroscopy
To confirm the presence of the -SO3H group in the poly(oASA-co-Ani)
polymer matrix, UV-Vis spectroscopy and FTIR spectroscopy were
employed.

To do this, poly(oASA-co-Ani) polymer was deposited on the gold foil
using cyclic voltammetry as described previously. Keeping the
concentration of aniline at 0.001M, the polymerisation and deposition of
poly(oASA-co-Ani) were studied using different feed ratios of oASA:Ani by
varying the concentration of oASA.

The presence of sulphonate units in the copolymer poly(oASA-co-Ani) was
confirmed by reflectance FTIR. As shown in Figure 8-6, the spectrum
obtained of poly(oASA-co-Ani) film is very similar to that of polyaniline
(287). Additional bands were observed at 1073cm"1, 1018cm"1 and 614cm"1.
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The former two can be assigned to the symmetric and asymmetric stretching
modes of the SO3" groups while the later can be assigned to the C - S
stretching mode as reported previously (288). With increase in feed ratio
(oASA.Ani), by increasing the concentration of oASA in the polymerisation
solution, the absorption of both polyaniline backbone and SO3" group
increased; indicating that the obtained polymer was more uniform and
possessed higher degree of sulphonation. All additional bands of
poly(oASA-co-Ani) copolymer film compared with polyaniline were the
same as the copolymer deposited on platinum substrates reported previously
(286).

Figure 8-6:
FTIR spectra of poly(oASA-co-Ani) polymer films on gold foil. Polymers were
prepared in solutions containing oASA and aniline at different feed ratio (oASA.Ani) of (a) 10:1, (b)
50:1 and (c) 125:1. Aniline concentration was kept at 0.001M in all polymerisation solutions, while
oASA concentration was changed according to the different feed ratios. Other conditions as in Figure
8-4.
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Also, the results of U V - V i s spectra show that the feed ratio used has a
dramatic effect on polymer formation and deposition (Figure 8-7). At the
feed ratio (oASA:Ani) of 1:1, no significant polymer formation was
observed either in the solution or on the gold foil substrate. As the feed
ratio was increased to over 10:1, a uniform and strongly adhering polymer
began to form on the gold foil substrate.
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Figure 8-7: UV-Vis spectra of poly(oASA-co-Ani) polymer films on gold foil. Polymers were
prepared in solutions containing oASA and aniline at different feed ratio (oASA.Ani) of (a) 1:1, (b)
10:1, (c) 50:1 and (d) 125:1 respectively. Other conditions as in Figure 8-4.

Increasing the feed ratio resulted in the formation of a thicker polymer. It
was stated previously (289, 290) that sulphonation of the phenyl rings on the
polyaniline backbone can be expected to increase the torsional angle

between adjacent rings even further to relieve steric strain. This affects the
electronic transitions of the polymer. In this work, the effect of the degree
of sulphonation on the electronic transition of polyaniline w a s investigated
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by using different feed ratios during polymerisation. It was found, due to
the absorbance of the gold coated foil around 300nm, the influence of
sulphonation on the typical % - 71* transition of polyaniline system in this
area (289-291) was not observed. However, the bathochromic shift of the
polaron band transition did happen at the poly(oASA-co-Ani) copolymer
film. This suggests accord with the decreased extent of conjugation caused
by increased phenyl ring torsion angle, which results from steric repulsion
between the -SO3" groups and hydrogens on the adjacent phenyl rings (292).

With the increase of feed ratio from 1:1, 10:1, 50:1 to 125:1, the increasing
bathochromic shifted polaron band transition absorptions were observed at
480nm, 536nm, 662nm and 680nm respectively. This suggests that the
degree of sulphonation of poly(oASA-co-Ani) copolymer can be effectively
enhanced by increasing the feed ratio of oASA:Aniline during
polymerisation (286).

Furthermore, using this higher sulphonated poly(oASA-co-Ani) copolymer,
a more hydrophilic polymer surface can be obtained which is more suitable
for electrode modification aimed at eliminating fouling (Figure 8-5 and
Table 8-1).
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8.3.4 Investigation of polypyrrole system
8.3.4.1

Phenol response at P P y / o A S A coated electrode

The polymer PPy/oASA w a s prepared galvanostatically using a current
density of 2.0 mA/cm and a polymerisation solution containing 0.1M oASA
and 0.2M pyrrole. The influence of polymer thickness on the phenol

oxidation response was investigated at this polymer electrode (Figure 8-8)
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Figure 8-8:

Effect of polymerisation time of polymer PPy/oASA on phenol oxidation response.
-3

Scan rate: 50mV/s. Phenol response was run in 1.0 x 10 M phenol in 0.1M HCl. PPy/oASA was
prepared in 0.2 M pyrrole and 0.1M oASA at the current density of 2.0 mA/cm with different
polymerisation times.

It was found that the use of PPy/oASA modified electrode resulted in a

decreased phenol response on the first scan compared with a bare electrode.
This may be due to the lower conductivity of the polymer layer. This
became more apparent when thicker polymer electrodes were used.
However, the electrode fouling problem on subsequent scans was alleviated
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substantially.

Based on the consideration of sensitivity and electrode

fouling, a polymer coated electrode with a polymerisation time of 2.0
minutes was chosen. At this polymer electrode, even with 20 successive
cycles, no significant difference was observed in the phenol oxidation peak
(Figure 8-9).
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Figure 8-9:

Successive cyclic voltammograms at a PPy/oASA coated Pt electrode obtained in 1.0

x 10 Mphenol in 0.1MHCl. Scan rate: 50mV/s. PPy/oASA was prepared as in Figure 8-8 for 2.0
minutes, (a) 1st scan, (b) 10th scan, (c)20th scan.

8.3.4.2 Effect of polymer composition on phenol response

To investigate the role of the functional groups present on the counterion,
polymers with p-Aminobenzenesulphonic acid (pASA), pHydroxybenzenesulphonic acid (pHSA), p-Toluene sulphonic acid (pTS)
and Benzenesulphonic acid (BSA) incorporated were investigated. Using
the same procedures as for PPy/oASA, polymers were prepared and phenol
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responses were obtained by running cyclic voltammograms for 20 cycles.
All the results were recorded and are summarised in Figure 8-10.
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Figure 8-10:
Effect of polymer composition on phenol response in 1.0 x 10 M phenol in 0.1M HCl
at a range ofpolypyrrole coated electrodes. Scan rate: 50mV/s. Polypyrrole was prepared in 0.
pyrrole and 0.1M corresponding counterion for 2.0 minutes at the current density of 2.0 mA/cm2.

It was found that PPy/Cl can be used as a reference to divide the studied
polymers into two groups. One group is the polymers incorporating
hydrophobic components such as -CH3 (pTS) or benzene ring (BSA), the
other group is the polymers incorporating hydrophilic components -OH
(pHSA) or -NI^ (oASA and pASA). Phenol responses observed with
polymers containing hydrophobic groups on the counterions were very
similar to those obtained at the bare electrode. The electrode fouling
problem was not eliminated. On the contrary, electrode fouling was
alleviated with polymers incorporating counterions containing hydrophilic
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groups. The polymeric film arising from oxidation of phenol was not readily
deposited onto such surfaces. Phenol responses at PPy/pHSA were more
sensitive than that at PPy/oASA. However the background currents
observed using PPy/oASA were much more stable than when PPy/pHSA
was used. Thus, all further studies were carried out using the PPy/oASA
electrode.

8.3.4.3 Incorporation of oASA or PAS into polypyrrole
For the polymer PPy/oASA, oASA may serve as the counterion to
counterbalance the positive charge on the polypyrrole backbone.
Alternatively during the electropolymerisation, oASA itself could be
oxidised and polymerised. This polymer may then be incorporated into the
polypyrrole structure. Using cyclic voltammetry, It was confirmed that,
oASA can be oxidised at approximately +0.8V. The constant potential
observed during galvanostatic polymerisation from a solution containing
pyrrole and oASA was +2.1 V. At this potential, both pyrrole and oASA are
expected to be oxidised. Consequently, in the structure of resultant
polymer, some oASA simply served as counterion for the charge balance
with positively charged pyrrole to form the polymer PPy/oASA, the other
could be oxidised and polymerised to poly(aniline sulphonic acid) (PAS)
then couples with polypyrrole to form copolymer PPy/PAS. To confirm this
hypothesis, PAS was employed to produce polymer PPy/PAS. This
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polymer was also obtained galvanostatically at the current density of 2.0
2

m A / c m in a solution containing 0.2M pyrrole and 0.5% P A S . The growth
potential during polymerisation was +0.5V. At these copolymer coated
electrodes with the different polymerisation times, phenol oxidation
response was investigated. Using the best polymerisation time of 2.0
minutes, the obtained result showed that, the fouling problem was decreased
compared to the use of a bare electrode but worse than that obtained at the
polymer generated from oASA and pyrrole.
The results obtained at PPy/oASA and PPy/PAS as well as the result
observed at poly(oASA-co-Ani) previously are summarised in Table 8-2.

Table 8-2: Effect of polymer composition on phenol response

„ , Decrease of phenol response of Sth scan
Polymer
compared with 1st scan
BarePt 100%
PPy/oASA 0 %
PPy/PAS 65.5 %
poly(oASA-co-Ani) 13.5 %

PPy/PAS was prepared in 0.2Mpyrrole and 0.5% PAS at 2. OmA/cm2 for 2.0 minutes. PPy/oA
prepared as in Figure 8-9. Poly(oASA-co-Ani) was prepared as in Figure 8-4.

Comparing these results, it was found that the differences in the phenol
response at these different polymer electrodes may be associated with the
situation of -NH2 group in the polymer structure. Presumably, in the case of
PPy/PAS, the -NH2 group of counterion PAS is no longer free since it has
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conjugated together to form the polymer backbone (293). As a result, the
resultant copolymer PPy/PAS possesses lower hydrophilicity thus leading to
less improvement with regards to electrode fouling compared with the
polymer PPy/oASA. Similarly, this was also confirmed at poly(oASA-coAni) copolymer electrode. For poly(oASA-co-Ani), the -NH2 group of
oASA conjugates with aniline to form the copolymer backbone (286), thus
no more free -NH2 groups are available. Therefore, the electrode
passivation of phenol oxidation can not be eliminated completely at this
copolymer electrode. In contrast, at the PPy/oASA, the unbonded -NH2
group ensures high hydrophilicity of the polymer resulting in substantial
improvement of phenol oxidation response

This suggests that the incorporation of hydrophilic groups can modify the

polymer surface in order to eliminate electrode fouling for the oxidation o
phenol.

8.3.4.4 Polymer spectroscopy

To confirm the difference between PPy/oASA and PPy/PAS and the
importance of PPy/oASA for the elimination of electrode fouling associated
with phenol oxidation, UV-vis and FTIR were again employed.

As shown in Figure 8-1 la, a broad band was observed around 542nm for
the PPy/oASA film, which is presumably due to the transition between the
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valence band and antibipolaron band of the polypyrrole backbone (294,
295). In the case of PPy/PAS (Figure 8-1 lb), another sharper and stronger
absorption peak appeared in the shorter wavelength region (490nm) which
can be assigned to the contribution of n - n* transition of the sulphonated
polyaniline structure (292) of PAS.
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Figure 8-11: UV-Vis spectra of (a) PPy/oASA and (b) PPy/PAS polymer films on gold foil
Polymers were prepared in solutions containing (a) 0.2Mpyrrole and 0.1M oASA and (b) 0.2Mpyr
and 0.5% PAS. Current density: 2.0 mA/cm2. Polymerisation time: 2.0 minutes.

The reflectance FTIR spectra of PPy/oASA (Figure 8-12A) and PPy/PAS
(Figure 8-12B) showed a featureless absorption tail at wavenumbers above
1600cm and a series of bands below 1600cm"-i.

The featureless tail is due to thefree-carrierabsorption and is a unique
signature of the conductive state (294). The symmetric and asymmetric
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stretching modes of - S 0 3 H and the stretching mode of C-S associated with
the presence of-SO3H were found in both polymers.
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Figure 8-12:
FTIR spectra of (A) PPy/oASA and (B) PPy/PAS polymer films on gold foil.
conditions as in Figure 8-11.

Other
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However, presumably due to the fact that the -S03H group within PPy/PAS

is involved in the conjugated structure of PAS, the absorption bands of the
symmetric and asymmetric stretching modes of-S03H (1033cm1, 1091cm"1)

and the stretching mode of C-S (690cm"1) appeared at higher energy regions.
While the corresponding bonds for PPy/oASA were observed at lower
energy regions of 931cm"1, 1050cm"1 for the symmetric and asymmetric
stretching modes of -SO3H and 668cm"1 for the stretching mode of C-S. A
shoulder around 870cm"1 observed for PPy/PAS may be another evidence of
the 1,2,4-trisubstituted aromatic ring of polymer PAS (286). However this
was not clearly found for PPy/oASA, indicating that oASA within the
polymer PPy/oASA was not polymerised.

Comparing these results, it was found that, for the polymer PPy/oASA, most
of oASA simply served as counterion for the charge balance with positively
charged pyrrole backbone. The other possibility of the incorporation of
PAS produced from the simultaneous oxidation and polymerisation of oASA

during the polymerisation of pyrrole was very small. Consequently, the free
-NH2 group of oASA resulted in the higher hydrophilicity of PPy/oASA
compared with PPy/PAS. This is presumably the reason that the
performance of phenol oxidation at PPy/oASA is much better than that
observed at PPy/PAS (Table 8-2).
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8.3.5 Flow injection analysis

Finally, the practical application of conducting polymer modified electrode

for the detection of phenol was investigated under flow conditions using DC
amperometry and pulsed amperometry.

8.3.5.1 DC amperometry
The best polymer, PPy/oASA, optimised in batch experiments was
deposited onto the working electrode of a flow cell using the same
preparation procedure as described above. Using 0.1M HCl as eluent,
phenol FIA responses were investigated with 20 continuous injections. The
initial DC amperometric detection was performed by applying a constant
potential of +1.00V, which is the peak potential of phenol oxidation
observed at PPy/oASA electrode in the batch experiments (Figure 8-13).

For comparison, the response at a bare electrode was also recorded. As
expected, at the bare electrode (Figure 8-13A), electrode passivation was

observed, and a loss of electrode activity of 38% for the 20th injection wa
observed. At the polymer coated electrode (Figure 8-13B), the response
was much more stable. The relative standard deviations of 12.2% for bare
platinum electrode and 6.6% for PPy/oASA electrode were obtained.
Nevertheless, a slightly increased response was produced at this polymer

electrode which probably suggests the ^instability of polymer coating under
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flow condition. This result is similar to that at poly(3-methylthiophene)
coated electrode obtained previously (93). In that case, the slightly
increased response of phenol oxidation was also obtained in the flow
system.
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Figure 8-13:
FIA responses for repetitive injections of a 1.0 x 10 M phenol solution obtained at
(A) bare Pt electrode and (B) PPy/oASA coated electrode with a constant potential applied. Applied
potential: +1.00V. Eluent: 0.1 M HCl. Flow rate: 1.0 ml/min. Phenol solution was prepared in the
eluent. PPy/oASA was prepared as in Figure 8-9.

8.3.5.2 Pulsed amperometry

The use of a pulsed potential waveform w a s then investigated. The use of
pulsed waveform

to facilitate elctroanalytical detection has been

demonstrated in flow injection and chromatographic system, especially for
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the reproducible detection of phenolic compounds (185). In addition, it has
been demonstrated that the use of pulsed waveforms can dramatically
improve the performance of the conducting polymer based sensors (193).
Keeping the final potential (E2) at +1.00V, which is the peak potential of
phenol oxidation at the PPy/oASA electrode, the initial potential (Ej) was
varied across the negative and positive potential range. The current was
sampled at the end of E2. Pulsing the potential to negative ranges, a less
sensitive signal was obtained. Furthermore an unstable baseline shifting
negatively was produced in this range, which is presumably due to the
reduction of conducting polymer. When the potential was pulsed positive,
more sensitive and stable responses were generated. The most sensitive
responses were observed with E, = +0.50V. With the best waveform
applied, the reproducibility can be greatly improved for both the bare
(Figure 8-14A) and polymer (Figure 8-14B) electrodes.

At bare electrodes, the loss of electrode activity for the 20th injection was
reduced from the former 38%, observed with constant potential applied, to
11%. At polymer electrodes, the phenol responses were almost unchanged
within the studied 20 injections. The relative standard deviations of 3.4%
for bare platinum electrode and 1.0% for PPy/oASA electrode were
obtained. This should be regarded as the contribution of pulsed potential
waveforms to the improvement of the performance of conducting polymer
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based sensors (193). The improved performance observed using pulsed
potential waveforms can also be highlighted by comparing the results with

that obtained at poly(3-methylthiophene) electrode reported previously (93)
where only constant potential was applied and the application of pulsed
potential waveforms was not investigated.
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Figure 8-14:
FIA responses for repetitive injections of a 1.0 x 10 M phenol solution obtain
(A) bare Pt electrode and (B) PPy/oASA coated electrode with a pulsed potential wavefo
Pulsed conditions: E=+0.50V, E2=+1.00V, pulse width ti=t2=100ms, current was sampled a
ofE2for 10ms. Other conditions as in Figure 8-13.
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Calibration curve and detection limit

The relationship between the FIA response (FIA peak height) obtained and
the phenol concentration was then studied using constant potential and a
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pulsed potential waveform. The calibration curves are shown in Figure 815.

Linear relationships were obtained for concentrations of phenol up to 1.0 x
•4 7

10 M m

both cases. The limits of detection of 5.0 x 10 M for D C

amperometric detection and 1.0 x 10" M for pulsed amperometric detection
were estimated. The sensitivities of 0.04uA/uM for DC amperometric
detection and 0.39nC/uM for pulsed amperometric detection were obtained.
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Figure 8-15:
Calibration curves obtained at a PPy/oASA coated electrode for phenol with (A) a
constant potential and (B) a pulsed potential waveform applied. Other conditions as in Figure 8-13 a
Figure 8-14.
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8.4 CONCLUSIONS

In this chapter, the use of conducting polymer modified electrodes to
prevent electrode fouling due to phenol oxidation has been demonstrated. A
range of conducting polymers has been investigated by varying polymer
class (polyaniline and polypyrrole) and the counterions incorporated.
Polymers containing hydrophilic groups were able to eliminate the fouling
problem. With the polyaniline system, a copolymer of aniline and sulphonic
acid aniline can be used to improve phenol oxidation response due to the
presence of the hydrophilic group -SO3H. A more hydrophilic polymer
surface can be obtained by increasing the feed ratio (oASA : Aniline) during
polymer synthesis. This was demonstrated as a useful approach to produce
polymers for the elimination of electrode fouling. With the polypyrrole
system, the importance of hydrophilic groups incorporated into the polymer
network was again demonstrated. The phenol oxidation response was
greatly improved using o-aminobenzenesulphonic acid (oASA) incorporated
into polypyrrole.

Using flow injection analysis, the analytical application of polymer sensors
for the detection of phenol was investigated. With a pulsed potential
waveform applied, a stable and reproducible oxidation response has been
obtained for phenol using the PPy/oASA polymer coated electrodes. A
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linear calibration curve was obtained with a sensitivity of 0.39nC/uM and a
limit of detection of 1.0 x 10"7 M.
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CHAPTER 9

The Development of A Novel Type of Electromembrane
Sensing System and its Application in a
Polypyrrole/Glucose Oxidase Based Biosensor
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9.1 INTRODUCTION
Chemical modification of conventional electrodes with appropriate materials
has proven to be a viable approach in the design of new sensing surfaces
(296, 297). The modified layer may be used to impart chemical selectivity
and/or enhance the electrical signal attainable due to the presence of the
target analyte. With the specific modifier-analyte interaction, this has been
widely used in the area of electroanalysis with a view to improving
sensitivity and selectivity (298, 299). However, in some cases, the optimal
conditions for molecular recognition differ from those of signal generation,
which would reduce the performance of the modified electrode.

The use of conducting polymers for electrode modification is a particularly
attractive and important approach (300, 301). Conducting polymer modified
electrodes have been categorised as an important group of chemically
modified electrodes (23). This has been demonstrated as a convenient
means of introducing the desired recognition chemistry such as ion
exchange, metal complexation or biochemical capabilities to the electrode
surface. Electrical signals can then be generated either via direct electron
transfer, perturbation of the conducting polymer oxidation/reduction process
or by changes in resistance of the polymer material.
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Of particular interest is the fact that the molecular interaction capabilities
(e.g. ability to undergo metal complexation reactions or enzyme-substrate
reactions) of conducting polymers are dependent on the potential applied to
the polymer (85-87). The generation of sensitive/selective electrical signals
is also potential dependent. Consequently, for the development of new
sensors based on conducting polymers a dichotomy often arises in that the
electrochemical conditions for optimal analyte recognition or
preconcentration differ from those required for signal generation. It may
also be the case that the solution conditions required to optimise both
processes differs.
In the work of this chapter, a new type of membrane based sensor has been
developed. The independent optimisation of molecular recognition in the
reaction zone and signal generation in the detection zone was achieved using
an insulating microfiltration membrane coated with platinum on both sides
(Figure 9-1).
The device configuration also allows the chemistry of the solutions on either
side to be modified independently. Consequently, processes such as analyte
recognition/preconcentration, generation of analyte, separation of analyte
can be optimised independent of the signal generation step. The response
generating moiety can then be transported across the membrane and
detected in the detection zone. This then enables the chemistry (solution
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composition) and electrochemical conditions to be optimised independently
for signal generation. Furthermore, the substrate membrane may be used to
prevent interferents from entering the detection zone so that the selectivity
can be improved.

Support membrane
Molecular recognition film

Sensing film

Analyte molecule
Interference molecule

Figure 9-1:

The schematic of the membrane based sensor.

In the area of biosensors, use of the glucose oxidase ( G O D ) containing
polymer PPy/GOD sensor is perhaps the largest application of conducting
polymers. The advantages of this kind of polymer based sensor (302)

include the ability to coat very small or irregularly shaped electrodes with a
polymeric film, the ability to control film thickness based upon the amount
of charge passed in the preparation of the conducting film. Control of the
amount of immobilised enzyme, and the ability to influence the
polymerisation rate, are also important features. However, operation of this
sensor has some disadvantages. PPy suffers from a loss of conductivity due
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to degradation by H202 generated in the presence of oxygen (63) as part of
the glucose enzymatic process. PPy degradation can also occur even in the
absence of oxygen because of the overoxidation of PPy at the potential
employed to detect the H202. In addition to oxidising H202 generated by the

enzyme reaction, at the monitoring potential, the electrode may oxidise othe
species ( such as urate, acetaminophen, glutathione and ascorbate) in the
sample solution (302). This would cause an undesirable positive error.

Using a membrane to separate the molecular recognition (enzymatic
reaction) from signal generation (H202 oxidation) process, this type of
electromembrane sensor has the potential advantages of allowing the
optimisation of molecular recognition and signal generation independently,

blocking interferents from entering the detection zone, preventing / reducin
polymer overoxidation, and increasing sensor life time and reproducibility.

9.1.1 Aims and approach

This new concept of electromembrane sensing system was investigated by

involving the well-established electrochemical system - ferri/ferrocyanide a
well as the enzymatic system - glucose oxidase (GOD).

Using the ferri/ferrocyanide system, the double sided platinum coated
membrane was characterised using cyclic voltammetry. Then, the potentials
for the reduction of target analyte [Fe(CN)6] in the reaction zone and the
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4-

re-oxidation of [Fe(CN)6]

in the detection zone were optimised

independently to produce the best response.

In the glucose oxidase system, PPy/GOD was deposited potentiostatic

onto the membrane reaction side. The resulting PPy/GOD coated membr

was characterised using cyclic voltammetry. With the addition of gl

into reaction zone, the response was generated at the detection sid

oxidising H202 transported across the membrane from the reaction zon

The potential applied at detection side (Ed) was investigated indep

from the PPy/GOD coated reaction side to ensure the optimal oxidati
H202. In addition, the effect of potential applied at reaction side

response observed at detection side was also studied. Using the opt

potentials, the responses from other oxidisable interferents encoun

conventional glucose biosensors were investigated. Finally, the cal
curve, limit of detection and the sensor life time were studied.

9.2 EXPERIMENTAL

9.2.1 Reagents and materials

All reagents were AR grade unless otherwise stated. PVDF substrate
membranes were purchased from Millipore. The thickness of the

membranes was approximately 105-1 lOum with the pore sizes from 0.2
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0.65um. All solutions were prepared using deionised Mill-Q™ water (18
MQ Cm). Pyrrole was obtained from MERCK and was distilled prior to
use. Glucose oxidase (type II with the activity of 24000 units/g) as well
ferri- and ferrocyanide were used as received from Sigma.

9.2.2 Instrumentation
A custom made sputter coater SC 100 MS was used for coating platinum on
to the substrate membrane. A Princeton Applied Research (PAR) Model
173 Potentiostat/Galvanostat was used for the preparation of conducting
polymer coated composite membranes. Chronopotentiogram was recorded
using an ADI MacLab interfaced with an Apple Macintosh computer.
Cyclic voltammetry was performed on a composite membrane held in the
transport cell using an ADI ElectroLab interfaced with an Apple Macintosh
computer in the three electrode system. A platinum gauze auxiliary
electrode and a Ag/AgCI (3M NaCl) reference electrode were employed.
The cell consisted of two glass compartments which were separated by a
composite membrane with the effective working area of 0.196 cm2 . For the

ferri/ferrocyanide system, a bipotentiostat was used as shown in Figure 92a. For the glucose oxidase system, two CV-27 Voltammographs were

used to apply two different potentials at reaction side and detection side
respectively with two separate three electrode systems (Figure 9-2b). The
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response generated w a s monitored using an A D I M a c L a b and data acquired
by an Apple Macintosh computer.

Auxiliary electrode
Reference electrode
(a)

Auxiliary electrode
Reference electrode
(b)
Figure 9-2:

The sensor cell, (a) using a bi-potentiostat, (b) using two potentiostats.
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For the interferent transport test, UV-vis spectra were carried out
Shimadzu UV-VISIBLE spectrophotometer model UV-1601.

9.2.3 Preparation of composite membranes

To render the substrate membrane conductive, each side of a substrat
membrane was coated with a thin layer of platinum using the sputter
Substrate membranes with pore sizes of 0.65um and 0.45um were

employed for the ferricyanide or glucose oxidase system respectively

coating chamber was maintained at a pressure between 4.0 x 10"3 and 6

10"3 mbar. Platinum coating was carried out galvanostatically under t

current of 150mA for 6.5 minutes. A platinum film with thickness aro
0.094urn at each face of the support membrane was obtained. After

treatment with 1:1 ethanol-water for 5 hours, a resistance of 1.5-2.
found across the membrane.

9.3 RESULTS AND DISCUSSION
9.3.1 Ferricyanide/ferrocyanide system

9.3.1.1 Characterisation of platinum coated membrane

Initially the ferricyanide/ferrocyanide system was used to test the

of the concepts described above. Ferricyanide can be reversibly reduc
according to:
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[Fe(CN) 6 ]~

+e

[Fe (CN)6f

.(9-1)

at moderately positive potentials (+0.1 V ~ + 0.4V).
Using the cell described in Figure 9-2, the cyclic voltammogram for the
[Fe(CN)6]3" / [Fe(CN)6]4" couple was recorded (Figure 9-3).

Well-defined peaks were observed (Figure 9-3), however, the peak to peak
separation of 200mV was greater than the expected 59mV for an ideal one
electron transfer process, indicating that some resistance effects were
present.

2-

-2

-4"

-6
-0.4

-0.2

0.2

0.4

0.6

E(VOLT)
Figure 9-3: Cyclic voltammogram obtained at a Pt coated membrane in 0.1M K^e(CN) using
0.1MKCI as supporting electrolyte. Scan rate: 20mV/s.
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3.

9.3.1.2

Sensor performance for the analyte [Fe(CN) 6 ]

The possibility of generating ferrocyanide in the reaction zone and
transporting this to the detection zone for sensing by re-oxidiation was
subsequently investigated. The appropriate potentials were applied in the
reaction zone (Er) for reduction of ferricyanide and in the detection zone
3.

(Ed) for oxidation of ferrocyanide. The [Fe(CN) 6 ] analyte w a s then added
into the reaction zone. The current flow in both the reaction zone (ir) and
the detection zone (id) was monitored.

Applying Er = -0.20V at reaction side, the effect of potential applied at

detection side (Ed) was first investigated (Figure 9-4). It was found that, a
the Ed <+0.20V, only insensitive residual current was observed at the
detection side on the addition of [Fe(CN)6] into the reaction zone.
Increasing the Ed positively caused a larger response at the detection side.
However, with higher Ed (> +0.80V) applied, the noisy response id was
obtained which is probably associated with the oxidation of solvent H20 at
higher positive potentials.
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Figure 9-4: Effect of potential applied in detection zone (Ej) on the response obtained at the
detection side of a double-sided Pt coated membrane on the addition of 0.083M K$Fe(CN)6 into

reaction side. Applied potential at reaction side (Er) = -0.20V. Supporting electrolyte was 0.1
(in both solutions).

Keeping Ed = +0.60V at detection side, the effect of potential in the reaction
zone (Er) was studied (Figure 9-5).
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Figure 9-5:

Effect of potential applied in reaction zone (Er) on the responses obtained at the

reaction side (ir) and detection side (ij) of a double-sided Pt coated membrane on the addition o
0.083M KsFe(CN)^ into reaction side. Applied potential at detection side (Ed) = +0.60V Supporti
electrolyte was 0.1MKCI (in both solutions).
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As expected, once sufficiently negative potentials (Er) were applied at the
reaction side, the target analyte [Fe(CN)6] " can be reduced and a negative
current (ir) was displayed. Then, as the reduction product passed through
the membrane and reached the detection side, it was oxidised again and
consequently gave a positive response for id. Note that the collection
efficiency (id/ir) did decrease slightly at more negative potentials.
With the best potentials (E = -0.20V, Ed = +0.60V) applied at the membrane
reaction and detection zones respectively, the current generated at each side
was monitored (Figure 9-6). Note that close to 100% transport and
conversion is achieved since the currents are almost identical. Also there is
only a slight time delay (5 seconds) in the detection of the reduced and
transported species.

Without Er, no response was obtained at detection side as expected (Figure
9-7). However, the intentional addition of [Fe(CN)6] into the reaction side
did generate oxidation response in the detection zone and it was
4-

proportional to the concentration of [Fe(CN) 6 ] added in the reaction zone.
This suggests that Er is critically important for the modulation of analyte
3- 4-

[Fe(CN) 6 ] to the oxidisable product [Fe(CN) 6 ] , which will pass to the
detection zone for signal generation.
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Figure 9-7:
Responses obtained at the detection side of a double-sided Pt coated membrane
addition of (a) 0.083M KfefCtye. (b) 0.025M K4Fe(CN)6. (c) 0.045M Kfe(CN)6 and (d) 0.090
K^e(CN)6 into reaction zone, respectively. Supporting electrolyte: 0.1M KCI (in both si
+0.60V, withoutEr
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Using the cell set up as described in Figure 9-2a, the electrical field across
the membrane would assist in transport of anions. A potential gradient
present across the two platinum films and was equal to the subtraction of Er
and Ed. For example, as Er = -0.20V and Ed = +0.60V were applied, a
potential gradient of +0.795V (positive pole: receiving side, negative pole:
source side) was observed across the membrane. Furthermore, with the
4_

increase of this electrical field, the reaction product [Fe(CN) 6 ] can be
transported through the membrane and reach the sensing film very quickly,
resulting in sensitive and fast response. However, if Er and Ed were applied
using two separate potentiostats (Figure 9-2b), the potential gradient was
4-

difficult to form. Thus, the transport of [Fe(CN) 6 ] across membrane w a s
very slow which was mainly detemrined by the diffusion caused from
concentration gradient and consequently a much less sensitive and slower
response was observed (Table 9-1).

Table 9-1:

The comparison of the responses for [Fe(CN)J

obtained by using a bi-potentiostat

or two potentiostats to apply potentials

Potentiostat

Potential gradient (V)

Response (jxA)

Response time (sec)

Bi-potentiostat

+0.795

17.30

64

T w o potentiostats

+0.009

6.35

1180

Potential gradient was measured across two Pt coated films. Applied potentials: Er = -0.20V, Ej =
3-

+0.60V. Responses were recorded at membrane detection side after 0.083 M [Fe(CN)J
into reaction zone.

was added
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9.3.2 T h e glucose oxidase system
The application of the electromembrane sensor in the biosensor area w a s
then investigated using the well established enzymatic reaction involving
glucose oxidase as shown in Figure 9-8. GOD containing polymer
PPy/GOD is deposited onto the reaction side of a double-sided platinum
coated membrane. While the detection side is platinum coated only. Once

the analyte glucose is added into the reaction zone, it can be oxidised by th
immobilised GOD to generate H202. Then, as H202 passes through the
membrane and reaches the detection side, it can be oxidised at the
monitoring potential applied. Thus, an analytical response can be obtained
in the detection zone for the addition of glucose into the reaction zone.
PPu/GOP pel timer

Supporting membrane (PVDF)

glucose

Reaction
zone

Substrate Pt film

Detection
zone

Sensing Pt film

^^^^^^H
Figure 9-8:

The schematic of a PPy/GOD coated membrane sensor.
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9.3.2.1 H202 transport across membrane and signal generation
in detection zone
Before using the PPy/GOD sensor, the sensor performance of the involved
double-sided platinum coated membrane for H202, the product of enzymatic
reaction of PPy/GOD, was first considered. With Ed = +0.70V applied at

the detection side, the addition of H202 into the reaction zone did give r

to an oxidation response in the detection zone (Figure 9-9). A good linea

relationship was obtained for the H202 concentration below 6.0 mM. For all

concentrations the response time required to reach a steady state current
approximately 80 seconds.
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Figure 9-9:
Responses obtained at the detection side of a double-sided Pt coated membrane on th
addition ofH202 at different concentrations into reaction side. Buffer solution: 0.1M KCI wit
K2HP04-KH2P04
(pH=7.0) (in both sides). Ed = +0.70V.
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However, at the same time, if another potential (Er = +0.70V) w a s applied
at reaction side using another independent three electrode system, the H202
oxidation response disappeared at the detection side but appeared at the
reaction side (Figure 9-10). In this case, H202 oxidation response obtained
at the reaction side was much bigger (58.3uA) than that observed at the
detection side with Ed = +0.70V applied only (28.3 uA). This implies that,
as Ed = +0.70V was applied only, the oxidation response id was generated
from the detection side and not from the reaction side, indicating that the
insulation across the substrate membrane is high enough to separate the
reaction zone and detection zone electrically.
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Figure 9-10:
Responses obtained in (a) detection zone and (b) reaction zone of a double-sided Pt
coated membrane on the addition of L2mM H202 into reaction zone. Er = Ed = +0.70V. Other
conditions as in Figure 9-9.
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9.3.2.2 PPy/GOD deposition and characterisation at Pt coated
membrane
PPy/GOD polymer was then deposited onto a platinum coated membrane
potentiostatically as described previously (303). The chronoamperogram
obtained during polymerisation (Figure 9-11) showed that the PPy/GOD
polymer can be readily deposited onto the platinum coated membrane
surface. A uniform black PPy/GOD polymer was obtained on the reaction
side and no polymer was observed on the detection side. No significant
change of resistance was found across the support membrane after the
coating of PPy/GOD polymer onto the reaction side.
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Figure 9-11: Chronoamperogram obtained at the reaction side of a double-sided Pt coated
membrane in the solution containing 0.4Mpyrrole, 0.1MKCI and 500 units/ml GOD. Eapp = +0.80V.
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The cyclic voltammogram obtained after polymer deposition showed the
typical oxidation/reduction responses expected for a conductive,
electroactive polypyrrole system (Figure 9-12).
8040-

^s

•e

•

o-

hZ

•

-40-

UJ

as

at
3
CJ

-80-

"

-120-160-200-

E (v)

Figure 9-12: Cyclic voltammogram of PPy/GOD coated membrane in 0.1M KCI with 0.1M
K2HP04-KH2P04 (pH=7.0). Scan rate: 50mV/s. Polymerisation time: 3.0 minutes. Other condi
as in Figure 9-11.

9.3.2.3 Optimisation of glucose response at the PPy/GOD coated
membrane sensor

The addition of glucose into the reaction solution, results in generation o
HJOJ

that passes through the substrate membrane to reach the detection

side. According to:
GOD
Glucose

• Gluconic acid + H

202

P"2)

Application of an appropriate Ed at detection side enables H202 to be
oxidised and produce an analytically useful signal.
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Initially, with Ed = +0.70V applied at the detection side, the effect of the
thickness of the PPy/GOD film coated on the reaction side was investigated
(Figure 9-13). At this membrane sensor, two aspects are affected by the
polymer thickness. They are the amount of enzyme immobilised in the
polymer matrix and the transport of generated H202 across the membrane to
the detection zone. With a longer polymerisation time, more enzyme can be
incorporated leading to a more effective sensor performance. However, on
the other hand, the thicker polymer could hinder the transport of H202 and
result in a reduced response at the detection side. The balance of these two
effects result in intermediate polymerisation times between 0.5-5 minutes.
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Figure 9-13: Effect of polymerisation time of PPy/GOD on the response obtained
zone for addition of 5mM glucose into the reaction zone. Supporting electrolyte: 0.
K2HP04-KH2P04 (pH=7.0) (in both sides). £rf= +0.70V PPy/GOD was prepared as in Figure 9
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As shown in Figure 9-13, the most sensitive response was obtained when a
polymerisation time of 1 minute was used. However, to ensure the sensor
life time, a relatively longer polymerisation time should be preferable to
maintain the high amount of incorporated enzyme and avoid polymer
degradation. Therefore, the polymerisation time of 3 minute was chosen for
further study.

Furthermore, the catalysis of immobilised GOD to the analyte glucose was
confirmed by comparing with the results observed at a bare platinum
membrane or PPy/Cl coated membrane. It was verified that, without the
presence of GOD containing polymer on the reaction side, no response was
obtained at the receiving side when glucose was added.
The effect of the potential applied at the detection side on the response
obtained for H202 was then considered. It was found that application of
potentials below +0.60V resulted in a marked decrease in the response
observed (Figure 9-14). With more positive potentials applied, a slightly
more sensitive response was obtained. However, at higher potentials, a high
background (and hence high noise level) was obtained probably due to the
oxidation of water and this limits sensitivity. Therefore, an Ed = +0.70V
was selected for all further work.
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Figure 9-14: Effect of applied potential in the detection zone (E4) on the response obtained at
detection side for the addition of 5mM glucose into the reaction zone. Supporting electrolyte: 0.1M
KCI with 0.1MK2HPO4-KHPO4
(pH=7.0) (in both sides). PPy/GOD was prepared as in Figure 9-12.

Keeping Ed = +0.70V, the effect of applied potential at the reaction side (Er)
was also investigated. The results obtained (Figure 9-15) showed that, with
Er more negative than -0.30V, no response was obtained at either reaction or

detection side for the addition of glucose into the reaction zone. At Er more
positive than -0.10V, the response began to appear. The optimal response
was obtained between Er = +0.30V to +0.50V. Over this potential range the
id was much larger than that without Er applied (An increase of > 50%). It
appears that the potential applied at the polymer coated side may enhance
the activity of immobilised enzyme as reported previously (304, 305). At Er
more positive than +0.70V, a decreased response was observed. This was
presumably associated with polymer overoxidation (63) at reaction side
resulting in the loss of incorporated enzyme. The other factor could be
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associated with the deactivation of enzyme at higher potentials and/or
consumption of H202.
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Figure 9-15: Effect of applied potential in the reaction zone (EJ) on the responses o
detection zone (ij and the reaction zone (ir) at a PPy/GOD coated membrane. Ej = +0.70V.
glucose was added to reaction zone. Other conditions as in Figure 9-14.

As a comparison, the response generated at the reaction side was also
recorded. It was interesting to noted that the optimal ir did appear around
+0.70V as observed at conventional PPy/GOD electrodes (303). However,
in all cases, id was always much bigger than ir indicating that the use of the
membrane to separate the enzymatic reaction from signal generation is
useful in achieving higher sensitivity. The smaller response ir is presumably
associated with the lower conductivity of polymer layer at the reaction side
compared with the bare platinum film at the detection side.
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Also, it was found that the optimal potentials applied at the reaction side
(Er) for the responses generated at reaction side (ir) and detection side (id)
are different, i.e. +0.30V ~ +0.50V for id and +0.70V for ir respectively.
This suggests that the best potential required for the oxidation of H 2 0 2 for
signal generation (+0.70V) is different from that used for the enhancement
of enzymatic reaction (+0.30V ~ +0.50V). However, the use of a support
membrane allows two separate potentials to be applied, at the reaction side
and the detection side, to ensure their optimisation independently.
Therefore, due to the use of a lower potential applied at the P P y / G O D
coated reaction side, polymer degradation as encountered using a
conventional P P y / G O D sensor (63) can be prevented or at least reduced.

9.3.2.4 Investigation of interferences at the PPy/GOD coated
m e m b r a n e sensor
Using the best potentials obtained above (Er = +0.40V and Ed = +0.70V),
responses to glucose and potential interferents were investigated and
compared (Figure 9-16). It was found that the addition of ascorbic acid or
glutathione (even at concentrations up to 2 0 m M ) into the reaction zone did
not produce any response in the detection zone.
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Responses obtained in the detection zone for addition of (a) glucose, (b) ascorbic acid
Figure 9-16:
or glutathione to the reaction zone at a PPy/GOD coated membrane. Ef = + 0.40V, Ed = + 0.70V
Other conditions as in Figure 9-14.

To confirm this promising result, a transport test was carried out by using
UV-vis spectroscopy to check the presence of interferents. In the buffer
solution used, ascorbic acid and glutathione showed maximum absorption at
288nm and 208nm with the limit of detection of 0.05mM and 0.02mM,
respectively. The linear calibration relationship was obtained at
concentrations lower than l.OmM for ascorbic acid and 0.5mM for
glutathione. Transport test was carried out using the cell setup with the
PPy/GOD coated membrane used for glucose detection. Interferent was
intentionally added to the reaction zone to a concentration of 20mM. Under

stirred conditions of reaction solution, the solution in the detection zone wa
sampled for the determination of the presence of interferent. It was found
that, even after 30 minutes, no interferent was found in the detection zone.

Z4/
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This suggests that these interferents can not pass through the membrane.
However, purposeful addition of ascorbic acid in the detection zone did
result in current generation (12.5uA for 5mM). Addition of glutathione to
the detection side did not result in an increased current flow using the
electrochemical detection conditions specified above.

9.3.2.5 Calibration and detection limit for glucose at the
PPy/GOD coated membrane sensor
With the best potentials applied, the calibration curve for glucose was
investigated (Figure 9-17). At concentrations lower than 1.5mM, a linear
relationship was obtained. A limit of detection of 0.04mM was estimated.
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Figure 9-17: Calibration curve for the response obtained in the detection zone for the addition of
glucose in the reaction zone. Conditions as in Figure 9-16.

After each use, the PPy/GOD coated membrane was stored in the buffer
solution at 4°C. Then, the reusability was investigated. No major
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differences for glucose responses (in the concentration range of 0.1 mM to
2.0mM) were observed over a 45 day period.

9.4 CONCLUSIONS

In this work, the feasibility of the concept of membrane based sensor has
been successfully demonstrated using the simple redox system
(ferri/ferrocyanide) and the enzymatic system (glucose oxidase). The
independent optimisation of the molecular recognition in the reaction zone
and the signal generation in the detection zone has been achieved with an
insulating membrane.
With the PPy/GOD coated membrane sensor, the H202 oxidation can be
optimised in the detection zone independently from the enzymatic reaction
occurring in the reaction zone. At the PPy/GOD coated reaction side,
application of a relatively low potential (Er) was optimal. At the detection

side, a higher potential (Ed) can be used to increase the sensitivity toward
H202 oxidation. Using a membrane to separate the molecular recognition
(enzymatic reaction) from signal generation (H202 oxidation), polymer
degradation due to the oxidation of generated H202 and polymer
overoxidation can be prevented. This ensures excellent sensor performance
such as sensitivity, reproducibility and life time. Also, this type of
membrane sensor possesses high selectivity due to the fact that the
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interferents can be blocked by the substrate membrane and the polymer
layer from entering the detection zone.

Good linear relationship between glucose concentration in the reaction zone
and the response observed in the detection zone was obtained for
concentrations of glucose below 1.5mM. A low limit of detection of
0.04mM has been estimated. No response was observed for potential
interferents such as ascorbic acid and glutathione.
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Due to their unique properties of conductivity, electroactivity, ability to
incorporate various species, ease of functionalisation and single-step
electrochemical polymerisation directly onto electrode substrates,
conducting polymers have many advantages for the development of sensors
(22, 35, 62). To date, the use of conducting polymer based sensors for the
detection of small inorganic ions (71-87), simple organic molecules (88, 89,
93-95) and even proteins (125-128) has been addressed.

In this thesis, conducting polymers were employed for the development of

sensors for the detection of proteins (part 1), for the elimination of electro
fouling generated by phenol oxidation (part 2), and for the development of a
novel electromembrane sensor for the detection of glucose (part 3).

For the detection of proteins, antibody containing conducting polymer
sensors have been extensively investigated previously (125-128). Based on
a specific antibody - antigen interaction, this type of sensor possesses high

selectivity. However, due to the difficulty of maintaining the activity of the
incorporated biocomponents, it inevitably suffers from some disadvantages

in reproducibility, reusability and life time. In part 1, the use of relativel
simple chemistries, instead of immunological systems, for the detection of
proteins has been demonstrated. It included incorporation of surfactants,
sulphonated dyes or Fe(CN)63" into conducting polymers and a polymer /
prussian blue composite film.
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At the surfactant incorporated polypyrrole electrodes, the generated protein
responses were influenced mainly by two factors, i.e. "surfactant binding"
interaction and the inherent polymer oxidation / reduction scheme. For the
surfactant binding interaction, the hydrophobicity of the polymer surface
played an important role. Of the functional groups -NH2, -OH, -CH3, and COOH, the more hydrophobic polymer PPy/PTS corresponding to -CH3
produced the most sensitive response for proteins. Also, this hydrophobic
interaction can be enhanced by involving the electrolyte with high molar
surface tension increment (e.g. sulfate). On the other hand, for the polymer
doping/dedoping mechanism occurring during oxidation/reduction, cation
movement was predominant when a larger, less mobile surfactant was used
as the counterion. Therefore, the most sensitive response was obtained in a
Li2S04 electrolyte. Using an FIA system, limits of detection in the low
micromolar range for OVA, a-LAC, MYO and CYT.C, and 10 nanomolar
level for HSA and BSA, have been achieved.

For the dye incorporated polymer electrodes, some sulphonated dyes
previously employed in "dye-binding" spectrophotometry for protein
detection were incorporated into polypyrrole systems. With the variation in

dye binding affinity with different proteins, sensitive and selective respon
were obtained by changing the incorporated dyes. The sensitivity of protein
responses was enhanced with polymer overoxidation. The selectivity of
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protein responses was affected by applied potential, eluent pH and polymer
composition. These factors can be used to modulate selectivity towards a
range of proteins. For practical utility, FIA detection was studied for a
range of proteins by applying either a constant potential or a pulsed
potential waveform. It was found that constant potential can be used to
achieve selectivity between a variety of proteins, while the use of a pulsed
potential waveform improves the sensitivity and limit of detection for all
proteins.
For the detection of a typical redox protein cytochrome c, two approaches
were investigated. One is an Fe(CN)63" containing polypyrrole electrode,
the other is a novel composite film consisting of the organic conducting
polymer PPy/Cl, and the inorganic compound prussian blue. In chapter 5,
the feasibility of using PPy/Fe(CN)6 as a mediator towards cytochrome c
was investigated. The response was optimised for solution pH, scan rate
and polymer thickness. The most sensitive response was observed when the
solution pH was close to the isoelectric point of cytochrome c. This may be
due to the fact that the reduced positive charge of the protein minimises the
electrostatic repulsion with the positively charged polypyrrole backbone.
The reduced positive or even negative charged protein can be attracted to
the electrode surface and then catalysed to enable the electron transfer with
electrode surface. The electrochemical mediation of incorporated Fe(CN)63"
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was confirmed by comparison with the results observed at both bare and
simple anion incorporated polymer (PPy/N03) electrodes. In chapter 6, two
methods (GC/PB/PPy and GC/PPy/PB) were studied for the preparation of
conducting polymer / PB composite films. It was observed that in the case
of GC/PB/PPy, with an outer polymer layer, the electroactivity of PB film
was hindered markedly, resulting in the disappearance of the cytochrome c
response. However, at GC/PPy/PB electrode with PB deposited onto the
polymer coated electrode, the inner polymer layer enhanced the
electroactivity of the outer PB film. Thus, the electrocatalysis of this
composite film coated electrode to cytochrome c was improved
significantly. Using the FIA system, at an applied potential of -0.10V, a
specific reduction response was obtained for cytochrome c.

In the final chapter of part 1, Chapter 7, the most successful of the polym
optimised at macroelectrodes were coated onto individual microelectrodes
of an array. In the FIA system, protein responses were influenced by both
polymer composition and applied potential. These two factors can be used
to modulate the selectivity series towards a range of proteins. Protein
identification and quantification were performed by chemometric techniques
including PCA, SIMCA, KNN, OLS and PLS. Based on their specific
response patterns, generated from a four polymer electrode array (PPy/MO,
PPy/BG, PPy/PTS and PPy/Cl/PB) and chemometric interpretation, the
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proteins BSA, HSA, CYT.C, a-LAC, MYO and OVA can be clearly

identified and qualitatively determined. Individual proteins in a mixture of
HSA and CYT.C were quantitatively analysed with acceptable errors. This
also represents a new concept of purely synthetic electronic antibody
system.

In part 2, the feasibility of using conducting polymers for the prevention o
electrode fouling generated from the electrochemical oxidation of phenols
has been demonstrated. In this area, some work has been carried out
previously, and among these works, poly(3-methylthiophene) attracted

much attention. In the work involved in part 2 of this thesis, polyaniline a
polypyrrole systems were considered.
Comparing the results obtained at a bare electrode, a PPV/NO3 electrode
and functional groups (hydrophobic and hydrophilic) incorporated polymer
electrodes, it was confirmed that polymer surface contaming hydrophilic
groups showed excellent ability to eliminate the fouling problem. In the
polyaniline system, the copolymer of aniline and sulphonic acid aniline can
be used to improve phenol oxidation response due to the presence of
hydrophilic group -S03H. The more hydrophilic polymer surface can be
obtained by increasing the feed ratio (oASA : Aniline) of polymerisation
solution during polymer synthesis. This was demonstrated as a useful
approach to produce highly hydrophilic polymer for the elimination of
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electrode fouling. In the polypyrrole system, the importance of the
hydrophilic polymer surface for the prevention of electrode fouling was
again confirmed by comparing a range of counterions containing
hydrophobic or hydrophilic groups. Phenol oxidation response was greatly
improved at o-aminobenzenesulphonic acid (oASA) incorporated
polypyrrole electrode. Compared with PPy/PAS (PAS = poly(aniline
sulphonic acid)), it was found that in PPy/oASA, most of the oASA simply
served as a counterion for the charge balance with positively charged
pyrrole backbone. The other possibility, of simultaneous oxidation and
polymerisation of oASA to PAS for the formation of PPy/PAS, did not
occur to a significant degree. Therefore, the free -NH2 group of oASA
ensured higher hydrophilicity of PPy/oASA compared to PPy/PAS, resulting
in a better response for phenol. In all cases, UV-vis and FTIR were used to
characterise the resultant polymers and reveal the effect of polymer

composition and structure on the electrode surface behaviours related to the
fouling problem.
In the FIA system, with a pulsed potential waveform applied, substantially
stable and reproducible oxidation response of phenol has been obtained at
PPy/oASA polymer coated electrodes.

In part 3, a novel type of electromembrane sensor has been proposed. The
simple redox system (ferri/ferrocyanide) and the enzymatic system (glucose
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oxidase) were used to demonstrate this new concept. The independent
optimisation of the molecular recognition in the reaction zone and signal
generation in the detection zone has been achieved with an insulating
membrane.

In the ferri/ferrocyanide system, a negative potential in the reaction zone
(Er) was applied for the reduction of Fe(CN)63". In the detection zone a
sensing potential (Ed) was used for the re-oxidation of Fe(CN)64" which had
passed across the membrane from the reaction zone. The independent
optimisation of these two potentials ensures the sensor's optimal
performance.

For the enzymatic system, PPy/GOD was coated onto the reaction side of
the membrane. Due to the presence of the substrate membrane, the H202
oxidation can be optimised in the detection zone independently of the
enzymatic reaction occurring in the reaction zone. At the PPy/GOD coated

reaction side, a relatively lower potential (Er) was demonstrated to be usefu
to enhance the activity of the immobilised enzyme. While at the Pt coated

detection side, a high potential (Ed) can be used to increase the sensitivit
H202 oxidation. Using a membrane to separate the molecular recognition
(enzymatic reaction) from signal generation (H202 oxidation) prevents
polymer degradation due to the oxidation of generated H202 and polymer
overoxidation (at Ed necessary for optimum signal generation) encountered
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with conventional PPy/GOD sensors. This ensures excellent sensor

performance with respect to sensitivity, reproducibility and life time. Also

this type of membrane sensor possesses high selectivity due to the fact that
the interferents can be blocked from the detection zone by a combination of
the substrate membrane and the polymer layer.
A good linear relationship between glucose concentration in reaction zone
and response in detection zone was obtained at a concentration of glucose
below 1.5mM and a very low limit of detection of 0.04mM has been
achieved.

259

Appendix

A p p e n d i x Table 1: Details of Partial Least Squares Regression (PLS) model
Number of Cross-validation Groups: 55. Optimal Number of Components: 3
Response Variable: % HSA
Goodness-of-Fit and Goodness-of-Prediction
Comp
Residual SS
R2
1
7928
0.8874
2
5172
0.9266
3
3302
0.9531
4
3302
0.9531
Regression Coefficients, Predictor
Importances
MO
Intercept
BG
50.01
-74.01
53.54
Importance
-2.049
1.482
Response Variable: % C Y T . C
Goodness-of-Fit and Goodness-of-Prediction
Comp
Residual SS
R2
1
7928
0.8874
2
5172
0.9266
0.9531
3
3302
4
3302
0.9531
Regression Coefficients, Predictor
Importances
Intercept
MO
BG
49.99
74.01
-53.54
Importance
2.049
-1.482
Response Variable: m M H A S
Goodness-of-Fit and Goodness-of-Prediction
R2
Comp
Residual SS
1
0.03308
0.9599
0.9963
2
0.003051
0.9980
3
0.001641
0.9980
4
0.001641
Importances
Regression Coefficients, Predictor
BG
Intercept
MO
0.01244
0.1236
-0.09796
Importance
-0.7923
0.1006
Response Variable: m M C Y T . C
Goodness-of-Fit and Goodness-of-Prediction
R2
Comp
Residual SS
0.6955
1
0.2514
0.9860
2
0.01159
0.9860
3
0.01156
0.9860
4
0.01156
Importances
Regression Coefficients, Predictor
BG
Intercept
MO
0.03018
0.1236
0.05033
0.2441
Importance
0.4071

Resid P R E S S
8716
5991
3891
3891

R2cv
0.8763
0.9150
0.9448
0.9448

PTS
10.29
0.2849

PB
15.32
0.4240

Resid P R E S S
8716
5991
3891
3891

R2cv
0.8763
0.9150
0.9448
0.9448

PTS
-10.29
-0.2849

PB
-15.32
-0.4240

Resid P R E S S
0.03624
0.003502
0.001881
0.001881

R2cv
0.9561
0.9958
0.9977
0.9977

PTS
0.04366
0.3531

PB
0.01200
0.09705

Resid P R E S S
0.2802
0.01272
0.01274
0.01274

R2cv
0.6606
0.9846
0.9846
0.9846

PTS
0.008638
0.06987

PB
-0.07125
-0.5762
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